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Abstract 
 
Moreton Bay in southeast Queensland, Australia, is a complex ecosystem and an 
ecologically significant peri-urban area that is experiencing fast population growth and 
significant urban development. Grain size statistical parameters were developed and used 
in this study as proxies to characterize Holocene depositional environments across 
Moreton Bay, and to reconstruct past depositional environments and identify the influence 
of sea level during the Holocene. Extensive experiments were carried out to establish the 
impact of sample preparation and organic matter content on the reliability of grain size and 
geochemical analyses, and both existing and newly-developed grain size statistical 
parameters were tested and calibrated against the modern estuarine bay environments. 
Fluvial, aeolian, and intertidal-marine depositional environments were identified in this 
study. Aeolian deposits dominate the sedimentary record in North Stradbroke Island and 
also in the Beachmere coastal area. Fluvial deposits were predominant in the Tinchi 
Tamba wetlands, Burpengary estuary and Beerburrum forest, while intertidal-marine 
deposits were identified at different depths in all sites excluding North Stradbroke Island.  
 
Rare earth elements and yttrium (REY) were tested to further identify and constrain the 
distinctive geochemical features of the different depositional environments. Each 
environment showed distinct REY patterns which are largely inherited from their source 
lithologies. The highest REY concentrations and the least fractionated REY patterns were 
observed in fluvial deposits with the highest percentage of mud. In contrast, aeolian 
deposits composed of almost 100% quartz sand had the lowest concentrations of REY, 
and their patterns can be described as enriched in HREE. A unique LREE- enriched 
pattern was detected in the intertidal deposits at Burpengary. 
 
Radiocarbon dating was used to constrain the timing of main sea level fluctuations during 
the Holocene. At least four periods of sea level rise have been recognized. The first 
occurred at ~6800 years BP shortly after the initial deposition of the Holocene sequence in 
the Tinchi Tamba wetlands. This was followed by a second episode at ~5360 - 5100 years 
BP. Two other minor oscillations may have occurred at ~3477 years BP, and ~2005 - 1880 
years BP, however these are very poorly constrained. 
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Detailed geochemical investigations showed that the different types of deposits defined 
using grain size statistics and sedimentary features also have distinct REY patterns. Thus, 
and although it was demonstrated that REY in sediments are mostly inherited from their 
source rocks, REY abundances and patterns are also partly controlled by depositional 
processes (e.g., mineral fractionation during transport and sorting) and the distribution and 
chemical and physical stability of organic matter. Despite the complex nature of these 
processes, this study demonstrated that REY are a powerful geochemical indicator of 
depositional environments even in a complex and dynamic setting such as a tidal estuary. 
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Chapter 1 Introduction 
1.1 Introduction. 
Moreton Bay and its estuaries in southeast Queensland, Australia (Fig. 1.1) is an 
ecologically significant complex ecosystem that is undergoing rapid urbanization and 
population growth (Gibbes et al., 2013). This estuarine embayment and the chain of 
wetlands located in its coastal area are among the most biodiverse in the State, and also 
contain valuable shallow ground water and surface water resources. Environmental 
degradation of Moreton Bay (Neil, 1998) has been a consequence of recent changes in 
land use (e.g., land clearing, urbanization, bush fires, channel modification), leading to an 
increase in sediments and chemical discharge into the bay (Chanson et al., 2013; Neil, 
1998). 
 
Figure 1.1. Map of the Moreton Bay region in southeast Queensland. 
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The worldwide population of coastal areas such as Moreton Bay has been predicted to 
double by the end of the twenty-first century (Scheffers et al., 2012). In Australia, the 
majority of the population is located in large urban coastal areas such as SE Queensland 
(Dennison and Abal, 1999; Neil, 1998). These areas are frequently subjected to natural 
disasters such as floods, and the annual cost of these events has been estimated at $1.14 
billion for the most affected states of Queensland and New South Wales (Whitfield et al., 
2010). Recently, concern is growing over the predicted effects of climate-change-induced 
sea-level rise over coastal communities and infrastructures. One way to predict future 
scenarios of sea level rise is by studying the history of recent (Holocene) changes in sea 
level and their impact in coastal areas (e.g. (Dickinson, 2001; Meyssignac and Cazenave, 
2012; Plater and Kirby, 2011; Woodroffe, 2009). For example, Lovelock et al. (2012) 
considered the changes in mangrove distribution relative to sea level in the Holocene to 
forecast the future distribution of mangroves based on current sea level change 
predictions. Like mangroves, coral reefs can also be expected to be impacted by future 
sea level changes in the same way as they have been impacted in the Holocene (Smithers 
et al., 2006). However, a realistic predictive model of future sea level impact requires more 
information and high-resolution temporal and spatial data (Lambeck, 1990; Lewis et al., 
2013), and protection plans for coastal areas need to be updated frequently using the 
information provided by these models (McGowan and Baker, In press). 
The impact of historical environmental and climatic change on estuarine and coastal 
ecosystems is still poorly understood, both in general terms (Lotze et al., 2006) and 
specifically for Moreton Bay (Logan et al., 2010). Sedimentary records have been used 
successfully to reconstruct the evolution of past depositional environments following 
changes in sea level (Freitas et al., 2002; Lario et al., 2002; Macken et al., 2011; Plater and 
Kirby, 2011). Sedimentary features may assist with the identification of sediment sources 
(Allen, 1982; Nichols, 2009), however, these are often severely disturbed during the coring 
process (Cox and Preda, 2005; Donato et al., 2009; Hodgkinson et al., 2008). Therefore, 
geochemical data may complement the information derived from sedimentary features and 
assist with the correct source identification. 
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1.2 Aims. 
Moreton Bay is an important estuarine environment, with about 2.8 million people living in 
the bay’s catchment area (Baltais, 2007; Gibbes et al., 2013). The Moreton Bay region is 
located in south east Queensland, Australia. It reaches about 80 Km in length and 
approximately 35 km in width. The bay is defined by four islands, North and South 
Stradbroke, Bribie, and Moreton, which form a barrier between the Pacific Ocean and the 
bay (Cox and Preda, 2005). Many types of animals and vegetation live in the bay area. The 
Quaternary aquifers in this region seem to be valuable as water resources (Cox et al., 
1996); however, because of the complex ecosystem and potential human impact following 
an increase in population, there is an expectation that the bay’s water resources will be 
under stress in the near future. A common assumption is that all aquifers are 
homogeneous, however, these aquifers may be heterogeneous on a local scale (Jankowski 
and Beck, 2000), with the implication that they may have different hydraulic properties, 
volume, and groundwater flow and quality (Anderson et al., 1999; Cox and Labadz, 2008; 
Fogg et al., 1998). While conventional geochemical tracers may not be adequate to 
characterize the different aquifers, some preliminary studies on rare earth elements + 
yttrium (REY) suggest that they may be used to discriminate aquifer lithologies, and 
therefore to fingerprint the source of water available to the ecosystem and for human use. 
The identification of the sources of water taken up by plants and accessed for human use is 
becoming very important to manage groundwater reservoirs following an increasing 
extraction rate in recent years. Before this can be done, however, it is necessary to define a 
set of sedimentary and geochemical parameters that can be used to uniquely identify 
different sediment types and temporal changes in sedimentary environments, and establish 
the bay’s Holocene sedimentation history. 
 
This project has four specific aims: 
Aim 1: To establish a Holocene stratigraphy for the selected areas (hypothesis 1: that 
Holocene changes in sea level can be detected from the sedimentary characteristics of the 
coastal sediments).  
The available data from the literature suggest that the base of the Moreton Bay estuarine 
sequence is about 7,000 years old (Brooke, 2002). However, while the Quaternary history 
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of the bay catchment is reasonably well-known, the Holocene sedimentation history is very 
poorly constrained (Lewis et al., 2008; Ward and Little, 2000). This aim has been achieved 
through: 
 a detailed characterization of sedimentary features; 
 the application of grain size statistical parameters to the identification of past 
depositional environments; 
 precise 14C dating of the available material in the different types of deposits; 
 the reconstruction of the bay’s Holocene stratigraphy and temporal changes in 
depositional environments. 
Aim 2: To test if REY (rare earth elements and yttrium) can be used to chemically define 
(“fingerprint”) the different Holocene sedimentary environments (hypothesis 2: do different 
depositional environments have specific and distinct REY characteristics, and are these 
inherited from the sediment sources or from the depositional conditions?). This aim has 
been achieved through: 
 analysis of REY and other trace elements for an extensive collection of sediments 
from different depositional environments; 
 application of a range of bivariate diagrams (including sedimentary and geochemical 
data) to discriminate different depositional environments;  
 testing of the conservative nature of REY as geochemical tracers, and identification 
of factor(s) that control REY distribution in different depositional environments. 
Aim 3: To distinguish different depositional environments based on their geochemical and 
sedimentary (grain size analysis and statistical size distribution parameters) features 
(hypothesis 3: do different depositional environments have specific and distinct grain size 
characteristics, and are these consistent with REY geochemistry?). This aim has been 
achieved through: 
 detailed grain size analysis for an extensive collection of sediments from different 
depositional environments; 
 characterization of modern depositional environments using grain size statistical 
parameters; 
 application of grain size statistics to the identification and characterization of past 
depositional environments; 
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 combination of grain size statistics and geochemical data for the unique 
characterization of different depositional environments. 
Aim 4: To test the effectiveness of different procedures for the removal of organic matter 
prior to chemical analysis (hypothesis 4: are geochemical data affected by the procedure 
used to remove organic matter from sediments prior to analysis?). This aim has been 
achieved through: 
 testing the possible impact of sample weight and heating time on Loss On Ignition 
(LOI) results; 
 testing the accuracy of different equations used for the calculation of organic matter 
content from LOI data; 
 testing of different procedures (LOI, H2O2, and HNO3) to remove organic matter from 
sample prior to geochemical analysis and assessing their influence on geochemical 
results, especial on REY distribution. 
 
1.3 How to read this thesis. 
This thesis is divided into six chapters. 
Chapter 1 (Introduction) illustrates the hypotheses and aims of this work, and its 
significance, especially within the context of Moreton Bay. It also contains a review of rare 
earth elements and yttrium (REY) geochemical tracers in geological studies. Different 
environmental tracers have been used in previous studies to detect sedimentary processes 
and sediment sources, however these tracers may not be adequate for complex estuarine 
environments. In contrast, REY show great potential and are the focus of this thesis. This 
chapter includes a review of REY in the Moreton Bay region, and the history of 
sedimentation during the Holocene.  
Field and analytical methods are covered in Chapter 2. This includes a description of 
sampling sites and procedures used for the collection of sediment cores; sample 
preparation; and analytical methods. Specific details of sample preparation and analysis 
can be found in the Appendices. This chapter also describes two sets of experiments that 
were carried out prior to sedimentological and chemical analyses. The first one was 
designed to assess the impact of sample weight and heating time on Loss on Ignition (LOI), 
and to establish the most reliable method for calculating organic matter content from LOI 
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results based on data obtained for standard reference materials. The second experiment 
was aimed at testing different methods for the removal of organic matter during the 
digestion procedure, and their effects on REEs (and REY) concentration and patterns. 
Chapter 3 describes the different depositional environments across the Moreton Bay 
region. Grain size parameters were used to characterize modern depositional 
environments across the study sites, and to reconstruct past depositional environments.  
Chapter 4 describes the geochemical characteristics of the different sediment types, with 
an emphasis on rare earth elements and yttrium (REY) as tracers of the different 
depositional environments identified in Chapter 3. The description of REY patterns in 
different study sites is followed by a discussion of the different factors, parameters, and 
elements that control REY patterns in these different depositional environments. 
Chapter 5 is a general discussion that combines all the mineralogical, geochemical, 
geochronological and sedimentological data discussed in the previous chapters. 
Geochronological data were integrated with sedimentological analysis to further constrain 
past depositional environments and to detect the possible influence of Holocene sea level 
changes on sedimentation across Moreton Bay. 
Chapter 6 is a summary of the main conclusions, with some recommendations for further 
work.  
 
1.4 Significance of this project. 
Metre-scale variations in sea level are known to have occurred during the Holocene, with a 
relatively high early to mid-Holocene sea level in many parts of the world. Past sea level 
fluctuations can be generally reconstructed on the basis of discontinuous records from fixed 
biological indicators such as corals, however these can be found and/or preserved only 
under certain favourable conditions, and their interpretation can be problematic. Continuous 
records from sediment cores can be a viable alternative to track long term regional and 
local variations in depositional environments in response to sea level change. Estuaries 
such as Moreton Bay which are located in close proximity to large coastal cities may 
provide reliable geological evidence for the reconstruction of the evolution of coastal 
environments in the recent past. 
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The primary subject of this study is the analysis of the spatial and temporal evolution of 
Holocene depositional environments in Moreton Bay. Grain size distribution in sediments 
has been used before as a palaeoclimatic proxy (Gyllencreutz et al., 2010; Huang et al., 
2011; Lario et al., 2002), thus it may provide information on Holocene sea level 
fluctuations when combined with radiocarbon dating and with a detailed geochemical 
characterization of the different types of deposits. 
Within the Australian context, Moreton Bay is a vital ecological and economic resource that 
supports a fast-growing population of ~2.8 million people (Baltais, 2007). Because of the 
complex ecosystem and potential human impact following an increase in population, water 
resources are becoming increasingly scarce, resulting in significant competition among the 
different stakeholder, and environmental stress. A common assumption is that all the bay's 
aquifers are homogeneous; however the coastal aquifers are in fact heterogeneous on a 
local scale (Jankowski and Beck, 2000). While conventional geochemical tracers may not 
be adequate to characterize the different aquifers, some preliminary studies on rare earth 
elements (REEs) suggest that they may be used to discriminate aquifer lithologies, and 
therefore to fingerprint the source of water available to the ecosystem and for human use. 
Although hydrogen and/or oxygen isotopes have been used for many years to establish the 
sources of water in plants, several studies have shown that stable isotopes can produce 
inaccurate results. Therefore a new natural chemical tracer such as REEs may provide 
more precise and accurate results. 
Hence, if it can be demonstrated that REEs behave as a conservative tracer able to 
identify different modern and shallow depositional environments, it may then be possible to 
also use REEs as a chemical tracer to fingerprint water sources. 
 
1.5 Rare earth elements as environmental tracers. 
The use of specific chemical elements or isotopes as tracers in geological and 
environmental studies has been increasing in the last couple of decades. Stable and 
radiogenic isotopes have been particularly popular among geoscientists. Hydrogen and 
oxygen isotopes have been particularly useful in assessing surface and ground water 
sources and resources, and a whole range of other isotopic tracers is used routinely to 
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establish water sources, residence times, ages, and exchanges in the hyporheic zone and 
in coastal environments  (Cable et al., 1996; Lacerda et al., 1988). 
Oxygen and hydrogen isotopes have been particularly useful to pinpoint the sources of 
water taken up by plants (Brunel et al., 1995; Phillips and Gregg, 2003; Walker and 
Richardson, 1991), and water mixing from different sources (Ojiambo et al., 2001). 
However, H and O isotopes can be fractionated (Ellsworth and Williams, 2007), and partly 
controlled by evaporation, precipitation and percolation (Dutton et al., 2005; Tang and 
Feng, 2001). The usefulness of stable isotopes as tracers in an estuarine system is limited 
by the fact that all the different water bodies under consideration are likely to derive 
ultimately from the same source (Wei et al., 2012). Other common isotopes such as 87Sr 
have been used as a tracer in hydrology (Singhal and Gupta, 2010) and to identify aquifer 
lithologies (Cartwright et al., 2010; Ojiambo et al., 2003).  
In recent years, rare earth elements have been used effectively as a very sensitive 
geochemical tracer in a range of environments and matrices, because their 
concentrations, fractionations patterns, and the anomalous behaviour of some REEs can 
be indicative of specific sources, processes, and environments (Duncan and Shaw, 2003). 
For instance, REEs have been used to identify water sources in mixed fresh-sea water 
(Ojiambo et al., 2003; Tweed et al., 2006), trace the sources of dust (Tang et al., 2013; 
Ziernger et al., 2013), help to discriminate different depositional processes in microbialites 
(Webb and Kamber, 2011; Webb and Kamber, 2000), distinguish between siliceous and 
calcareous sediments (Nath et al., 1992), and understand the mechanisms of trace metals 
release from wetland soils under reducing conditions (Davranche et al., 2011). Numerous 
studies have demonstrated that positive Gd and La anomalies may indicate anthropogenic 
input in the ecosystem (e.g. groundwater contamination by leaking sewage pipes; 
(Kulaksiz and Bau, 2007; Kulaksız and Bau, 2013; Lawrence et al., 2009; Möller et al., 
2000), and that REEs might be used to trace the sources of sediments and their pathways 
(Deasy and Quinton, 2010; Polyakov and Nearing, 2004). Although REEs have been 
successful used as tracers to pinpoint the source of natural waters (Möller et al., 2000; 
Munksgaard et al., 2003; Ojiambo et al., 2003; Tweed et al., 2006), they remain under-
utilized for the geochemical characterization of aquifer lithologies. REEs concentration and 
fractionation in water is influenced by colloidal particles derived from sediments, and 
therefore REEs may be able to trace geochemical fractionation from parent rocks to 
sediments and to waters in chemical equilibrium with these sediments (Sholkovitz, 1995). 
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Like some lithogenic trace elements (Ti, Sc, and Zr), REEs are very useful to identify 
changes in the source of clastic sediments (Caccia and Millero, 2007; Gasparon et al., 
2007; Gasparon and Matschullat, 2006). 
Although it is universally recognized that REEs are good tracers of sediment sources (e.g., 
(Ferrat et al., 2011; McLennan, 1989; Munksgaard et al., 2003; Singh, 2009; Tang et al., 
2013; Um et al., 2013), grain-size sorting may in fact modify REEs patterns (Morey and 
Setterholm, 1997). Thus, the relationship between grain size distribution, REE patterns 
and depositional environments needs to be further investigated.  
Existing data suggest that REEs behave conservatively in the soil/plant environment (Aidid, 
1994; Zhang et al., 2002) and that plant roots and their soil share the same REE patterns 
(Gu et al., 2002). In natural waters, the origin and environmental significance of the different 
REE patterns are hotly debated in the scientific community. Some authors (e.g. (Gosselin 
et al., 1992; Johannesson et al., 2000; Pedrot et al., 2011; Tweed et al., 2006) believe that 
such patterns are inherited from the host rocks, or can be overprinted by flow through a 
different rock type. Dissolution of secondary minerals can lead to REE (i.e. Eu, Gd, Tb, Dy) 
enrichment in water (Johannesson et al., 1996). Other researchers have demonstrated that 
the original signature of different REE patterns may also derive from changes in 
environmental conditions (redox, pH and/or dissolve organic carbon), and that the original 
water/rock equilibrium may have little control on REE patterns (Dia et al., 2000; Gruau et 
al., 2004). Cerium abundances are known to depend on redox conditions (Gruau et al., 
2004), however, Ce anomalies can also be inherited from parent rocks (Banks et al., 1999; 
Johannesson et al., 2000). Europium anomalies may reflect changes in redox conditions or 
lithology (Kim et al., 2003), however other studies have demonstrated that they cannot 
trace redox processes in sediments (Laveuf and Cornu, 2009). Thus, changes in Eu may 
be related the changes in sediment fractions (Möller, 2002; Yang et al., 2004). Yttrium has 
also been used extensively together with REE as a geochemical tracer (see (Censi et al., 
2007; Jupiter, 2008; Lawrence et al., 2006a; Leybourne and Johannesson, 2008; Saiano 
and Scalenghe, 2009). For example, Y/Ho fractionation can be used to identify seawater in 
the mixing area (Lawrence and Kamber, 2006), and Y anomalies may able to distinguish 
between terrigenous and marine deposits (Bau, 1996; Frimmel, 2009; Nothdurft et al., 
2004). However, Y anomalies in different environments may be impact by 
dissolution/precipitation of iron oxides (Bau and Koschinsky, 2009; Bau et al., 1996; Bau et 
al., 1998; Planavsky et al., 2010; Surya Prakash et al., 2012) or organic matter (Kramer and 
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Davies, 1982; Thompson et al., 2013). There is clearly a need for a better understanding of 
the factors controlling REE abundances and distributions in sediments as the main sources 
of REE in water and plants.  
The distribution of REEs in plants could be used to understand the mechanisms of REE 
transfer from soil water to plants and to identify the sources of the water taken up by the 
plant for its growth (Joebstl et al., 2010; Liang et al., 2008). Some researchers, however, 
have demonstrated that the patterns of distribution of REEs in groundwater is identical to 
that observed in plants, suggesting that REEs move from the soil to the water and then on 
to the plant without any fractionation (Semhi et al., 2009). Moreover, Semhi et al. (2009) 
suggested that the process of REE transfer from soil to plants in somewhat similar to that of 
transfer from soil to groundwater, and it has been further proposed that the soluble REE 
fraction in a soil under natural conditions provides a good prediction of the REE budget in 
the plant (Tyler, 2004). 
In summary, the possibility of using REY concentrations, fractionations, patterns, and/or 
the anomalous behaviour of some REY elements to identify the sources of sediments and 
to discriminate different depositional environments (Al-kaabi and Gasparon, 2013; Deasy 
and Quinton, 2010; Duncan and Shaw, 2003; Munksgaard et al., 2003; Ojiambo et al., 
2003; Tweed et al., 2006) remains to be properly tested. 
 
1.6 REE in Moreton Bay. 
Previous studies carried out in Moreton Bay have produced interesting results. The 
concentration and patterns of REEs in some of the creeks in the northern part of the bay 
show significant variability (Fig. 1.2), as well as systematic differences from the southern 
part of the bay (Lawrence et al., 2006a), while modern intertidal sediments share the same 
overall pattern (Morelli, 2010). REY patterns in coral colonies in the southern part of the bay 
are affected by terrigenous fluvial discharge (Coates-Marnane, 2012), and groundwaters of 
the Tinchi Tamba tidal wetlands show a very complex and temporally variable set of 
patterns (Poh, 2012). These results suggest that the estuarine aquifers of the Moreton Bay 
region are ideal for testing a new chemical tracer, which has the potential to identify 
different aquifers (different sediments and/or depositional environments?), and for studying 
the REE distribution in different depositional environments. 
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Figure 1.2. Different REY patterns from different creeks and rivers of the northern part of 
Moreton Bay (Lawrence et al., 2006a). 
 
Concentrations of REEs in these studies varied significantly among the different sites. 
Thus, the spatial and temporal REE trends in intertidal zones of Moreton Bay derive from 
complex mixing of different sources (see (Morelli et al., 2012) which results in variable 
fractionation patterns across the bay (Lawrence et al., 2006a; McGowan et al., 2008; Poh, 
2012). 
Iron sulfides widely distributed in Moreton Bay soils, and sulfide oxidation and hydrolysis 
partly control soil geochemistry (Preda and Cox, 2002). Acid sulfate soils (ASS), such as 
those found in coastal areas of Moreton Bay (Hey et al., 2000; Powell and Ahern, 1999), 
can cause fractionation of REEs (Åström, 2001; Bozau et al., 2003; Morgan et al., 2012), 
however, it remains to be demonstrated that the REE patterns (Åström, 2001; Bozau et al., 
2003; Welch et al., 2009), Ce anomalies (Davranche et al., 2003; Dia et al., 2000; Laveuf 
and Cornu, 2009; Och et al., 2014) and Y anomalies (Bau, 1999; Moller et al., 1998; 
Tweed et al., 2006) of ASS are consistent with those observed in Moreton Bay sediments.  
It has been suggested that Fe and Mn oxides, humic acids, and grain size partly control 
trace elements distribution in Moreton Bay sediments (Arakel and Hongjun, 1992; Cox and 
Preda, 2005; Preda and Cox, 2002; Valini, 2012), and several studies have argued that 
REE patterns are linked to grain size (Marques et al., 2011; Munksgaard et al., 2003; 
Nyakairu and Koeberl, 2001; Rao et al., 2011; Zhou et al., 2010). Therefore it would seem 
logical to consider sedimentary features and grain size parameters in the geochemical 
characterization of the sediments. Furthermore, previous studies in Moreton Bay have 
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revealed a correlation between metal distribution and organic matter content, and 
estuarine environments may contain large amounts of organic matter (Bristow et al., 2013; 
Shimmield, 2011). A complex relationship between organic matter and REE distribution 
and fractionation has been described in a range of environmental matrices (Åström, 2001; 
Davranche et al., 2011; Hoyle et al., 1984; Sholkovitz et al., 1992; Tang and Johannesson, 
2010). Organic carbon can adsorb free dissolved REE, and these complexes can become 
adsorbed onto the surface of sediment particles (Davranche et al., 2006). Therefore, the 
incomplete digestion of organic matter in a geological sample may lead to only partial REE 
recovery (Chao and Sanzolone, 1992).  
The chemistry and distribution of shallow groundwaters in the northern part of Moreton Bay 
is strongly influenced by Quaternary stratigraphy, and it has been suggested that different 
types of Quaternary deposits may yield ground waters with distinct chemistry (Ezzy et al., 
2002). The heterogeneous Quaternary sediment cover also controls the complex pattern of 
fresh – saline groundwater mixing on Toorbul Island (Hodgkinson et al., 2007), and the 
REE patterns of sediments derived from different catchment lithologies are known to have 
distinct characteristics (Lawrence et al., 2006b; Munksgaard et al., 2003).  
 
1.7 Holocene sedimentation history of Moreton Bay. 
Spatial variability in sediment distribution is one of the main limitations to the definition of an 
aquifer’s hydraulic properties. Coastal Quaternary aquifers are particularly complex, 
because the small-scale variability in depositional environments results in major differences 
in water chemistry and yield between adjacent wells, and this leads to the potentially 
incorrect assessment of a region’s water resources.  
Moreton Bay is an important marine embayment, with a number of different sub-
environments. Coastal deposits in this region were mostly formed in the Holocene, while 
Pleistocene and Tertiary deposits are exposed in some areas (Grimes, 1986). Many 
factors have influenced these deposits over time, such as climate change, sea level 
fluctuations, changes in wave energy and the ratio of erosion to deposition (Preda and 
Cox, 2002). The Quaternary sedimentation history of Moreton Bay has been strongly 
influenced by sea level changes as evidenced by geological observations (Maxwell, 1970) 
and seismic data (Lang et al., 1998). While the Quaternary stratigraphy of the bay has 
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been reconstructed using mainly geomorphological surveys and field descriptions of 
sediment sequences (Jones and Stephens, 1981; Lang et al., 1998), several 
geochronology studies have been carried out in Moreton Bay area using 14C and other 
isotope dating techniques. Hubbs et al. (1965) were the first to demonstrate that sea level 
before 1,000 years BP was slightly higher than the present level in Deception Bay, and 14C 
dating of older tidal flats and beach ridges in the same area showed that sea level was the 
same as the current sea level before 5,790 years BP, then raised by about 0.7 m at 4,685 
years BP, and again by 0.4 m at 3,300 years BP (Flood, 1981). These studies, however, 
did not provide sufficient detail on the depth of the dated samples, and focused on the 
geomorphology of the coast without establishing sedimentation rates and history. 
Therefore these results may not be completely reliable, because the accurate 
determination of the heights of depositional and eroded coastline landforms is a serious 
challenge to the use of geomorphological features to establish sea level changes (Hails, 
1968). Estuarine deposits east of Lawnton, about 4 km west of Tinchi Tamba, were dated 
at 8,390 ± 105 years B.P. at a depth of 7.5 m below sea level, and a Holocene sea level 
peak of about 1.5 – 2.5 m above current sea level has been suggested (Hofmann, 1980). 
Wood samples collected at a sediment depth of 25 cm from the Pumicestone Passage 
indicate a rate of sedimentation of less than 1 mm per year (Brooke, 2002), and a 
reasonably accurate chronostratigraphy was obtained for the marine sequence in the 
vicinity of the Brisbane airport (Ward and Hacker, 2006). According to Lewis et al. (2008) 
however, existing 14C data may be inaccurate because they did not include “the now 
common conversion of conventional 14C ages to calendar years”, and information on the 
mid-Holocene depositional history of Moreton Bay remains very poor (Gibbes et al., 2013). 
Existing thermoluminescence (TL) dates also appear to be problematic as their error can be 
as large as ~10% (Cotter, 1999; Nichols, 2009; Tejan-Kella et al., 1990), especially in 
coastal areas (Nichols, 2009; Walker, 2005), and samples from different depths have given 
overlapping ages (Smith et al., 1997). 
The studies carried out to date highlight the need to evaluate existing age data and obtain 
new sedimentary, geochemical and geochronological data for well-characterized sediment 
sequences to fully reconstruct the changes in sedimentary environments since the mid-
Holocene. Similarly, a detailed characterization of sediments is necessary before REEs and 
grain size statistical parameters can be validated as reliable proxies for the identification of 
depositional environments in palaeoenvironmental reconstructions. 
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1.8 Rationale for site selection. 
The hypotheses of this project were tested in five selected sites: 1) Beerburrum State 
Forest; 2) Beachmere area; 3) Burpengary estuary; 4) Myora Springs and Brown Lake in 
North Stradbroke Island; and 5) Tinchi Tamba wetlands at the mouth of the Pine River in 
Bramble Bay (Fig. 1.1). These sites were selected among the many other potentially 
suitable test sites because they represent the full range of modern depositional 
environments, and because their location as well as previous investigations suggested that 
a reasonably long record of Holocene sedimentation could be obtained from each site. 
Coring sites within each area were selected based on distance from the coastline and/or 
major watercourses to capture the local variability in sediment supply and depositional 
environments. Together, these sites provide a range of complexity and depositional 
environments representative of the bay and therefore suitable for this study. Tinchi Tamba 
and Myora Springs are environmentally significant areas, and have been selected by the 
National Centre for Groundwater Research and Training (NCGRT) for further research in 
view of their significance in terms of groundwater resources for urban and industrial use. 
The Beerburrum area is economically significant in terms of its forestry resources.  
The Moreton Bay coastal area contains different types of ground waters and surface water 
bodies such as rivers, creeks, and lakes that may or may not be connected with the 
estuarine water (Hodgkinson et al., 2007; Kumar, 2013; Lee et al., 2002; Poh, 2012). 
Therefore, the data generated in this project will ultimately contribute to the definition of 
hydrogeological models for environmentally and economically significant areas of Moreton 
Bay. 
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Chapter 2 Methods 
 
2.1 Introduction.                 
This chapter will cover the methods used for sedimentology, mineralogy, geochronology, 
and geochemistry analyses. Additional details on analytical procedures will be given in the 
relevant chapters and in the Appendices. Methods developed during the course of this 
thesis to 1) measure loss on ignition and 2) remove organic matter from a sample prior to 
digestion for elemental analysis are described in Chapter 2, section 4 and section 6, 
respectively. 
 
 2.2 Field work. 
A preliminary investigation of Moreton Bay identified six potentially suitable sites for the 
collection of sediments cores. The criteria and principles for site selection are described 
in Chapter 1, section 9 and Chapter 3, section 2. In total thirty-three sediment cores were 
taken from the Beerburrum State Forestry, the Beachmere coastal area, the Burpengary 
estuary, the Tinchi Tamba Wetlands, and Myora Springs and the western part of Brown 
Lake on North Stradbroke Island (see Figures 2.1 to 2.6). These cores were selected as, 
based on preliminary field interpretation of the sediment sequence, they had penetrated 
the entire Holocene sequence and showed significant sediment variability. A vibracorer 
was used for thirty of the cores, while the remaining three cores could be obtained only 
using a hand-operated soil auger. Coring was attempted at other sites (Table 2.1), 
however, no reliable material could be obtained at these sites due to the presence of a 
very shallow weathering surface, saturated fine sand preventing core recovery, coherent 
clay preventing core penetration, flooded land surface, and dense vegetation roots. The 
depths of the recovered cores ranged from 4.80 to 0.50 m. Sediment compaction was 
calculated using the equation recommended by Lewis and McConchie (1994). 
Compaction was significant in sandy sites such as in some of the Beachmere and North 
Stradbroke Island cores, and very low in muddy sites such as Tinchi Tamba and 
Burpengary (Table 2.2). All the core depths mentioned in this thesis have been corrected 
for compaction. 
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Figure 2.1. Location of sediment cores from Beerburrum in the 
northern part of Moreton Bay. 
 
Figure 2.2. Location of sediment cores from 
Beachmere in the northern part of Moreton Bay. 
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Figure 2.3. Location of sediment cores from Burpengary in the 
northern part of Moreton Bay. 
 
Figure 2.4. Location of sediment cores from Tinchi Tamba in the 
central part of Moreton Bay. 
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Figure 2.5. Location of sediment cores from Myora Springs on the western 
coast  of North Stradbroke Island. 
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Figure 2.6. Location of sediment cores from 
Brown Lake on North Stradbroke Island. 
 
Table 2.1. Sites were coring was attempted but no material could be retrieved. 
Name Latitude Longitude 
F1 S 27° 0'28.02" E 153° 4'16.03" 
F2 S 26°59'55.65" E 153° 3'59.78" 
F3 S 27° 1'29.26" E 153° 2'13.55" 
F4 S 27° 0'41.61" E 153° 0'49.26" 
F5 S 26°59'34.45" E 153° 1'4.76" 
F6 S 26°58'15.55" E 153° 2'31.31" 
F7 S 26°58'3.05" E 153° 3'8.11" 
F8 S 26°58'5.62" E 153° 3'58.05" 
F9 S 26°56'52.46" E 153° 2'22.81" 
F10 S 26°53'28.02" E 153° 3'3.50" 
F11 S 27° 6'50.59" E 153° 1'56.59" 
F12 S 27° 7'32.05" E 153° 2'46.03" 
F13 S 27°10'18.73" E 153° 1'24.20" 
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Table 2.2. List of cores obtained in this study. 
 
Sites Cores Latitude Longitude 
Elevation 
AHD  (m) 
Depth 
(cm) 
Compaction 
% 
Beerburrum 
Bb1 S 26° 59' 01 2" E 153° 02' 53.4" 14.3 165 1.52 
Bb2 S 26° 58' 24 3" E 153° 02' 41.6" 3 265 3.32 
Bb3 S 26° 59' 08 0" E 153° 02' 42.9" 4 268 0.00 
Bb4 S 26°59'13.12" E 153° 2'18.13" 3.2 50 0.00 
Bb5 S 26°58'12.17" E 153°1'43.18" 27 105 3.60 
Bb6 S 26°56'57.01" E 153°2'47.39" 3 120 2.20 
Beachmere 
Br1 S 27° 08' 36.9" E 153°02' 18.7" 4 170 40.00 
Br2 S 27° 06' 59 0" E 153° 03' 27.8" 12.2 190 34.48 
Br3 S 27° 05' 59 8" E 158° 04' 59.5" 4 319 24.05 
Br4 S 27° 06' 27.0" E 153° 04' 05.8" 9 150 26.30 
Br5 S 27° 07' 47.7" E 153° 02' 44.5" 4 150 21.10 
Burpengary 
BG1 S 27° 08' 49.5" E 153° 01' 37.2" 6.5 150 32.43 
BG2 S 27° 08' 55.4" E 153° 01' 20.0" 10.7 174 9.38 
BG3 S 27° 08' 32.2" E 153° 01' 15.3" 7.3 136 14.30 
BG4 S 27° 09' 03.3" E 153° 00' 40.9" 8.5 150 0.00 
BG5 S 27° 08' 56.0" E 153° 01' 49.1" 5.2 218 21.07 
BG6 S 27° 09' 53.0" E 153° 01' 07.3" 6.2 150 0.00 
Tinchi 
Tamba 
MW1 S 27°18'4.48" E 153° 1'48.75" 1.3 252 13.82 
MW2 S 27°18'21.15" E 153° 2'3.52" 1.5 268 5.80 
MW3 S 27°18'10.49" E 153° 2'13.49" 0.4 295 8.80 
MW4 S 27°18'10.56" E 153° 2'12.91" 1.2 338 9.07 
MW5 S 27°18'17.13" E 153° 1'29.10" 1.5 229 9.09 
MW6 S 27°17'57.99" E 153° 1'3.67" 1.9 480 2.24 
MW7 S 27°17'52.90" E 153° 2'18.61" 1.6 374 15.83 
MW8 S 27°18'7.79" E 153° 2'6.79" 1.7 338 20.48 
North 
Stradbroke 
Island 
BM1 S 27° 28' 24 7" E 153° 25' 23.0" 33 280 41.25 
BM2 S 27° 28' 07 7" E 153° 25' 31.3" 15 150 25.09 
BM3 S 27° 28' 45 6" E 153° 24' 54.8" 20 264 16.82 
BM4 S 27° 29' 30 8" E 153° 25' 46.3" 71 280 20.67 
BM5 S 27° 29' 45 6" E 153° 25' 49.7" 69 280 7.12 
BM6 S 27° 29' 22.7" E 153° 25' 50.3" 70 135 13.60 
BM7 S 27° 28' 46.9" E 153° 24' 53.6" 21 145 15.20 
BM8 S 27° 28' 29.7" E 153° 25' 12.6" 19 60 0.23 
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2.3 Laboratory analyses. 
All the sediment cores, plants, shells and water samples were processed in the Earth 
Sciences laboratories at The University of Queensland.  
All cores were split length-wise using a dedicated diamond saw, and a visual examination 
and logging was carried out to establish lithology, thickness of the different units, colour, 
sorting, and any other notable characteristics (Appendix I). Sedimentary structures were 
not conserved or may have been distorted by the vibrations produced by the vibracorer. 
High-resolution photographs were taken, and detailed core logs were produced. Material 
suitable for 14C dating was identified (Chapter 5 and Appendix V). Sediment subsamples 
were taken at intervals of 15 cm from one half of each cores, or at different intervals 
depending on changes in lithology, colour, or content of organic matter. 
In total, 351 sediment samples were analysed using a Malvern laser sizer for grain size, 
and the data was used to characterize sediment types, boundaries between the different 
layers, and discriminate different types of depositional environments in the sites, as 
described in Chapter 3.  
Mineral composition was established for 94 samples by X-ray diffraction (XRD) at the 
Centre for Microscopy and Microanalysis of The University of Queensland (see Appendix 
II). In addition, Hylogging scans for almost all cores was carried out at the Geological 
Survey of Queensland, except for the cores from Tinchi Tamba which had been analysed 
in a previous study (Poh, 2012), XRD and Hylogging scans were used to understand the 
changes in mineralogy, to establish the best methods for sample preparation and 
digestion, and to assist with the interpretation of the geochemical and geochronological 
data. 
Another subset of six samples was originally selected for scanning electron microscopy 
(SEM) and Energy Dispersive X-ray Spectroscopy (EDS) analysis to examine grain 
morphology, support the XRD data, and assist with the interpretation of depositional 
environments (Appendix III). However, these analyses did not produce any data useful for 
the purposes of this thesis, and no further SEM and EDS analyses were carried out. 
Residual moisture was determined in the selected samples by drying in an oven at 105 
°C for approximately 12 hours. The difference between pre-drying and post-drying weight 
corresponds to the water content of the initial sample, a parameter needed to calculate 
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elemental concentrations on a dry-sediment basis. Loss on ignition (LOI) after heating at 
550 °C was used to estimate the total weight of organic matter, as described in part 4 
and 6 of this Chapter.  
After this step, the samples were digested to establish their elemental composition (see 
part 6 of this Chapter). A total of 197 sediment samples were analysed for major, trace, 
and rare earth elements using inductively coupled plasma optical emission spectrometry 
(ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS). Ultra-pure 
HNO3, HF and HCl were used for total digestion on a hotplate, following the procedure 
described in (Morelli et al., 2012) (Appendix IV).  
Finally, seventeen shell, wood, and charcoal fragments were dated using the 14C AMS 
method. The data was integrated with sedimentology data to identify the change in 
depositional environments during the Holocene (Chapter 5).  
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2.4 Impact of sample weight and heating time on Loss on Ignition (LOI), 
and calculation of organic carbon content from LOI. 
 
Gravimetric analysis following loss on ignition (LOI) is widely used as a simple method to 
estimate organic carbon content in soils and sediments, however different techniques for 
LOI analysis have been proposed in the literature. Three sets of experiments were 
designed in this study to assess how LOI data are influenced by sample size, heating time, 
and clay size content, and to evaluate the accuracy of existing equations used to calculate 
carbon content from LOI. 
LOI at 105 °C, 550 °C and 950 °C was measured in a range of siliciclastic sediments and 
soils. The first experiment was designed to assess the influence of sample weight on LOI. 
The response of different heating times on LOI was measured in the second set of 
experiments, while the third set investigated changes in mineralogy due to heating. 
Certified geological reference materials were used to evaluate the relationship between 
LOI and actual carbon content.  
Sample sizes smaller than 1 g resulted in variable LOI 550 ⁰C values, and LOI values 
slightly decreased for increasing sample size. Heating time had an impact on LOI results 
for heating times shorter than 4 h. Tests performed on a wide range of sediment standards 
confirmed that a temperature of 550 ⁰C is sufficient to achieve complete organic matter 
decomposition in terrigenous sediments from different depositional environments. Heating 
times shorter than 4 h, however, resulted in unreliable results particularly in smaller 
samples. Results of ignition at 950 ⁰C are also dependent on sample size and heating 
time. Clay-size content had a very small influence on the calculated percentage of organic 
carbon, however the correlation between these parameters was very poor. 
LOI at 550 ⁰C and 950 ⁰C yielded unreliable results for sample weight less than 1 g. Our 
experiments also found that a temperature of 550 ⁰C was suitable to destruct all organic 
matter in the tested standard reference materials. Finally, comparison between certified 
and calculated carbon content in certified reference materials showed that no single 
equation can be applied to different sediment types. 
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2.4.1 Introduction. 
The determination of organic carbon content in soil and sediments is required for sample 
characterization in many research fields such as ecology, agriculture, soil sciences, 
limnology and geochemistry (Dean, 2002; Stavn et al., 2009). Organic matter can play a 
significant role in soil, as it can affect its physical, chemical, and biological attributes. 
Under certain environmental conditions, organic matter has the ability to chelate metals, 
and may thus impact on metal mobility and uptake by plants (Tabatabai, 1996). More 
recently, a complex relationship between organic matter and rare earth element 
distribution and fractionation has been described in a range of environmental matrices 
(Davranche et al., 2011; Tang and Johannesson, 2010). 
Many methods have been described in the literature to calculate the carbon content in 
soils and sediments. Gravimetric analysis following sample heating at a pre-determined 
temperature (Loss on Ignition - LOI) is one of the methods that have been used more 
widely to determine the content of both water and organic carbon. The removal or 
destruction of organic matter by combustion has also been recommended before ICP-OES 
and ICP-MS analysis to minimize matrix interferences (Chao and Sanzolone, 1992; Liang 
et al., 2005). 
Ideally, the LOI method can determine the percentage of organic carbon based on weight 
loss from a sediment or soil sample after heating at a specific temperature. This method 
has many advantages such as the measurement of many samples in a short time, it does 
not need complex instrumentation, and is inexpensive (De Vos et al., 2005; Konen et al., 
2002). 
Although LOI is the most versatile analytical method, its accuracy and precision have been 
widely criticized (De Vos et al., 2005; Konen et al., 2002). According to Soon and Abboud 
(1991) LOI is the least satisfactory method when compared with the Walkley-Black method 
and automated dry combustion. In contrast, Beaudoin (2003) showed that LOI results are 
reliable and comparable with those obtained by wet oxidation. LOI was reported to be 
unreliable in clay soils with “high mineral content” (Bhatti and Bauer, 2002), and with 
carbon content lower than 15 mg C/g (McCarty et al., 2010; Soon and Abboud, 1991), but 
yielded good results for values lower than 1% (Beaudoin, 2003; De Vos et al., 2005), and 
its suitability has been confirmed in a number of studies (Craft et al., 1991; Goldin, 1987; 
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Wang et al., 2013). Recently it was pointed out that LOI temperatures must be selected 
carefully for different types of sediments (Wang et al., 2011).  
The calculation and significance of LOI values remains a controversial topic, because it 
has been observed that some clay minerals could also be lost at some stage of the ignition 
(Heiri et al., 2001; Santisteban et al., 2004). Although it has been observed that organic 
matter increases with increasing clay size content (Magdoff, 1996), the relationship 
between these two parameters is weak (R2=0.44), and other studies have demonstrated 
that organic matter decreases with increasing clay size content (Christensen, 1992). 
Furthermore, organic matter may not be precisely quantified when the bulk sample (as 
opposed to the fine-grained fraction) is used for the analysis, and the organic matter 
content in the clay size fraction is typically higher than in the sand fraction (Dalal and 
Mayer, 1986).  
Calculation of clay percentage and clay size contribution to LOI may (Grewal et al., 1991; 
Spain et al., 1982) or may not (Soon and Abboud, 1991) increase the accuracy and 
reliability of LOI data for assessing organic carbon content. LOI data should theoretically 
be corrected for the weight loss due to the decomposition of common hydrous phases 
stable only at low temperature (e.g., gypsum and kaolinite (Ball, 1964)), however it is 
usually difficult to precisely quantify the mass percentage of such mineral phases, and it is 
normally assumed that the LOI contribution from the decomposition of mineral phases is 
negligible (Schumacher, 2002). 
The temperature chosen to perform the LOI analyses also remains controversial. Although 
temperatures ranging from 350 °C to 600 °C have been reported in the literature (Konen et 
al., 2002; Leong and Tanner, 1999; Matthiessen et al., 2005; Soon and Abboud, 1991), a 
number of studies have recommended to ignite the samples at 550 °C (Bhatti and Bauer, 
2002; Heiri et al., 2001; Jolivet et al., 1998; Veres, 2002), and temperatures as high as 
950 °C have been used in some studies (Bengtsson and Enell, 1986; Dean, 1974; Heiri et 
al., 2001; Veres, 2002) to release carbon from carbonates. Thus, two steps (LOI at 550 °C 
and 950 °C) may be needed to release all carbon. The heating time is equally poorly 
constrained, and very few studies have dealt with other variables such as whether the 
samples should be covered during the ignition, and whether one or more cycles of heating 
should be applied (Matthiessen et al., 2005; Schulte et al., 1991; Wang et al., 2011). Wang 
et al. (2011) monitored weight loss every 3 hours for 15 hours, but noted no changes over 
this period. Some researchers used a 2±8 hours heating time (Deely and Fergusson, 
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1994; Håkansson et al., 1989), while others ignited the sample only for two hours (Leong 
and Tanner, 1999). Unlike ignition temperature, sample size is generally not considered to 
affect LOI results (but Schulte et al. (1991) and Kamara et al. (2007) for a different 
perspective), and sample sizes ranging from 0.2 g (Morelli et al., 2012) to 15 g (Donkin, 
1991) have been used in the literature. Comparison between LOI results and those 
obtained using other methods (Ball, 1964; De Vos et al., 2005; Soon and Abboud, 1991; 
Spain et al., 1982) further revealed that no single equation can be used to calculate 
organic carbon content from LOI data (Pribyl, 2010). 
Despite these limitations and uncertainties, the LOI method is still widely used to estimate 
organic carbon content in soils and sediments, and this parameter remains an important 
indicator of paleoclimatic and paleoenvironmental conditions (Morelli et al., 2012; Tingstad 
et al., 2011). Therefore the method’s possible limitations must be fully addressed, as they 
may lead to significant errors in the interpretation of paleoclimatic and paleoenvironmental 
data. 
The aim of this study was to test the influence of sample weight and heating time on LOI 
results. An attempt was also made at establishing if any mineral phases were decomposed 
when the samples were subjected to different heating times. As part of this process, a 
relationship was established between clay size content and organic matter in different 
terrigenous depositional environments across Moreton Bay in southeast Queensland, 
Australia, and recommendations are made on the most suitable equation for the 
calculation of carbon content from LOI values.  
 
2.4.2 Materials and sampling. 
All the sediments and soils analysed in this study derived from shallow cores collected in 
an estuarine embayment, and are made of terrigenous sediments deposited in fluvial, 
intertidal and aeolian environments. These sediments have been selected from thirty-two 
sediment cores and surface soils across the Moreton Bay region in southeast of 
Queensland, Australia, and represent a wide range of mineralogy, clay content and 
organic matter content.  
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2.4.3 Methods. 
Two hundred and five sediment samples collected at different depths (between 10 - 480 
cm) from Moreton Bay region were subsampled based on changes in lithology, colour and 
organic content. These samples were analysed following the procedure described below.  
Large particles (larger than 2 mm) were removed, and each sample was homogenized 
before further processing. One gram of sample was weighed into clean porcelain crucibles 
and placed in a muffle furnace to dry. An empty crucible was used in each batch to monitor 
crucible weight stability during the heating/cooling. Different soil and sediment certified 
reference materials (JSO-1, JSO-2, MESS-3, LKSD-1, 2, 3 and 4) were used to establish 
the accuracy of LOI measurements and carbon calculations (Table 2.4.1) (CANMET, 
2003; Chan, 1986; GJS, 1998; Govindaraju, 1994; Jochum et al., 2005; Kubota, 2009; 
Lynch, 1990; NRC-CNRC, 2004; Terashima et al., 2002; Yu et al., 2003; Zhao et al., 
2007).  
Table 2.4.1. Total carbon* content in the certified references materials used in this study. 
Standard 
reference 
materials 
Description Total C % 
JSO-1 Holocene black forest soil collected in 1997 from Tokyo, Japan. 8.91 
JSO-2 Late Pleistocene brownish black soil collected in 1998 from, Ibaraki, Japan 4.06 
MESS-3 Marine sediments collected from the Beaufort Sea in 2000 2 
LKSD-1 Modern lake sediment from Joe Lake in Canada, prepared 1990 12.3 
LKSD-2 Sediment from Calabogie Lake in Canada, prepared in 1990 4.5 
LKSD-3 Sediment from Calabogie Lake in Canada, prepared in 1990 4.5 
LKSD-4 Sediment from Big Gull Lake in Canada, prepared in 1990 17.7 
* Total carbon (TC) is the sum of total organic carbon (TOC) and total inorganic carbon (TIC), 
determined at 550 °C and 950 °C, respectively, following the simple equation TC=TOC+TIC 
(Bednaršek et al., 2012; Hirota and Szyper, 1975; Walthert et al., 2010). 
 
Samples were left overnight for 12-14 hours at 105 °C to dry, and then were taken out of 
the oven to cool at room temperature before being weighed again. The weight loss at this 
stage is due to loss of water or moisture. The samples were then returned to the furnace 
again for ignition at 550 °C for four hours. The temperature of  550 °C was selected 
46 
 
because organic matter is known to ignite to ash and carbon dioxide at 500-550 °C 
(Bengtsson and Enell, 1986; Heiri et al., 2001), and this temperature is recommended in 
the majority of studies (Ackermann et al., 1983; Deely and Fergusson, 1994; Håkansson et 
al., 1989). In addition, temperatures below 500 °C are known to result in large errors 
(Boyle, 2004; Hirota and Szyper, 1975). After heating, the samples were put into a 
desiccator and weighed at room temperatures to calculate weight loss (550 °C LOI). 
Samples were returned to the oven, and the temperature was increased to reach 950 °C 
for two hours. Lastly, the samples were cooled down and weighed once more to record 
950 °C LOI.  
Three different experiments were carried out in this study to assess the impacts of some 
factors such as sample sizes and heating time on LOI.   
 
2.4.3.1 Experiment 1. 
Nine samples were selected for experiment 1. Two of them (Bb2 20 cm and Bb2 110 cm) 
had 550 °C LOI ranging from 4 to 2% wt) and a high percentage of sand (90 - 70%). The 
other seven samples (9A, 15A, 17A, 18A, 19A, T1, and T2) had a high organic matter 
content (16 - 5% 550 °C LOI) and high percentage of mud (90-80%). The two sites may 
reflect different depositional environments, as suggested by Al-kaabi and Gasparon 
(2013). Aliquots of 0.1, 0.5, 0.7, 1.0, 3.0, 5.0, 10.0 and 15.0 grams were prepared for each 
sample. Thus, a total of 72 samples were used in this experiment to test the influence of 
sample weight on LOI results. Temperature and time of ignition were kept stable at 550 °C 
for four hours for all the samples. 
 
2.4.3.2 Experiment 2. 
The second experiment was designed to determinate the influence of heating time on LOI. 
Four samples from two different sites (Bb2 20 cm and Bb2 110 cm, and 15A and T1) were 
prepared as described in the first experiment above to obtain a total of 32 samples. Two 
stages of heating were applied to these samples. First, they were ignited at 550 °C for 
different times (1, 2, 3, 4, 5, and 6 hours), and then at 950 °C for 1, 2, 3, and 4 hours 
(Table 2.5.2). 
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All samples were weighed accurately and transferred into dry and clean crucibles. After 
each heating stage the samples were cooled down, weighed, and ignited again. 
 
2.4.3.3 Experiment 3. 
Four samples from a different site were selected for this experiment. Firstly, the samples 
were dried in an oven at 50 °C overnight (12-14 hours). Then, the 
samples were sieved to less than 2 mm, and this fraction was crushed to a fine powder for 
XRD analysis. Each sample was divided into four aliquots, for a total of sixteen samples 
processed for this test. A quarter of each sample was analysed using XRD without any 
further treatment. The second quarter was dried at 200 °C for 4 hours to remove any 
possible moisture before XRD analysis. The third quarter was heated at 550 °C for 4 hours 
before XRD analysis, while the last quarter was heated at 950 °C for two hours before 
XRD analysis (see Table 2.4.2). 
All samples were analysed by XRD at Centre for Microscopy and Microanalysis of The 
University of Queensland. 
The aim of this experiment was to establish if there is a correlation between sample 
mineralogy and LOI results. 
Table 2.4.2. Summary of experiments involved in this study. 
Experiments Purpose Condition of Experiments 
Number of 
samples 
Exp.1 
Influence of sample 
weight on LOI 
Heating eight different samples sizes at 
550 ⁰C for 4 hours 
72 
Exp.2 
Influence of heating time 
on LOI 
Heating samples at 550 ⁰C for different 
times (1-6) hours, and ignition at 950 
⁰C for different time (1-4) hours. 
32 
Exp.3 
Impact of changes in  
mineralogy due to 
heating 
Treatment of samples at different 
temperatures before XRD analysis. 
16 
LOI 
Calculation of organic 
carbon from LOI data 
using different equations 
Ignition at 550 ⁰C for 4 hours. 
Ignition at 950 ⁰C for 2 hours. 
 
8 standard 
materials 
48 
 
2.4.4 Grain-size and mineralogical analysis. 
To assess the percentage of clay size particles, sediments were analysed using a Malvern 
2000-Mastersizer in the School of Chemical Engineering and School of Agriculture and 
Food Science at The University of Queensland. Minerals were identifying using a 
HyLogger (mineralogical hyperspectral analysis). This instrument combines reflectance 
spectroscopy and high-resolution imagery to identify and quantify the minerals present in a 
sample (Huntington, 2007; Huntington et al., 2006). The HyLogger data was calibrated and 
integrated with XRD data. Samples for experiment 3 were selected and characterized 
using XRD and HyLogger data. 
 
2.4.5 Results and discussion. 
2.4.5.1 Experiment 1: sample weight control on LOI. 
The results of the first experiment show that moisture content fluctuates for samples below 
1 g, while it remains stable for sample weight above 1 g, without any significant differences 
for different sample weights (Fig. 2.4.1). Variations in moisture content for samples weight 
above 1 g are within the range of weighing errors. 
 
Figure 2.4.1. Change in moisture percentage as a function of sample size. Each point 
represents the average of nine samples. 
 
LOI at 550 °C displayed the same behaviour as moisture, with unstable values for sample 
size smaller than 1 g, and no change for larger sample sizes (Fig. 2.4.2). Tests carried out 
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on certified reference materials confirmed that the temperature of 550 °C is sufficient to 
remove 100% of organic matter from the sample. 
 
Figure 2.4.2. Change in LOI 550 °C as a function of sample size. Each point represents 
the average of all the samples used in this experiment. 
 
Unstable LOI 550 °C results were obtained for sample sizes smaller than 4 g and with LOI 
higher than 15% and moisture content up to 40% (Fig. 2.4.3). 
 
Figure 2.4.3. Impact of sample size on LOI 550 °C. 
LOI at 950 °C decreased for increasing sample weight, however the decrease was sharp 
for small samples (less that 1 g), and only very slight for samples larger than 1 g. (Fig. 
2.4.4). 
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Figure 2.4.4. Change in LOI 950 °C as a function of sample size. 
 
2.4.5.2 Experiment 2: heating time control on LOI. 
The second experiment shows that organic carbon started decomposing in the second 
hour of LOI 550 °C, but the rate of decomposition increased generally between 1 and 4 
hours. Heating times between 4 and 6 hours gave more stable LOI 550 °C results (Fig. 
2.4.5). All the samples show a positive LOI 550 °C peak at two hours. This feature was 
reported by Smith (2003) for clay-rich samples, however it was noted for both clayey and 
sandy samples in this study (Fig. 2.4.6), in agreement with Kamara et al. (2007). LOI 550 
°C values for certified reference materials were correct only for heating times longer than 3 
hours.  
 
Figure 2.4.5. Change in LOI 550 °C as a function of heating time. 
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Figure 2.4.6. Change in LOI 550 °C as a function of heating time for (A) sandy and (B) 
clayey sediments. 
 
Different sample sizes had a very different response to heating times. For very small 
samples (0.1 g), LOI at 550 °C fluctuated significantly even after several hours of heating 
(Fig. 2.4.7), although the readings became more consistent for sample weights of 0.5 and 
0.7 g (Fig. 2.4.7). In contrast, samples weighing more than 1 g were less affected by 
heating time, although a slight increase in LOI at 550 °C was noticed for all samples (Fig. 
2.4.8). 
 
 
Figure 2.4.7. Change in LOI 550 °C as a function of heating time for three small sample 
sizes (0.1, 0.5 and 0.7 g). 
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Figure 2.4.8. Change in LOI 550 °C as a function of heating time for sample weights 
ranging from 1 to 15 g. 
 
Unlike for LOI at 550 °C, LOI at 950 °C of all sample sizes increased slightly for increasing 
heating time from 1 to 4 hours (Fig. 2.4.9). 
 
 
Figure 2.4.9. Change in LOI 950 °C as a function of heating time. 
 
As for LOI 550 °C, samples smaller than 1 g yielded variable results for different heating 
times, while the larger samples (1-15 g) were little affected (Fig. 2.4.10). 
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Figure 2.4.10. Change in LOI 950 °C as a function of heating time for different sample 
weight (0.1 to 15 g). 
 
2.4.5.3 Experiment 3: Mineralogy control on LOI. 
XRD analyses revealed the presence of quartz (SiO2), plagioclase (NaAlSi3O8 – 
CaAl2Si2O8), pyrite (FeS2), kaolinite (Al2Si2O5(OH)4), and muscovite 
(KAl3Si3O10(OH)1.8F0.2). Neither calcite (CaCO3) nor magnesite (MgCO3), whose presence 
could impact on the LOI at 550 °C and 950 °C results, respectively, were detected using 
XRD. Other hydrous minerals may potentially contribute to weight loss at LOI 550 °C as 
they may become unstable under such high temperatures. These include gypsum 
(CaSO4
.2(H2O), which may have a significant water content (about 20-21%), and which 
will contribute to LOI 550 °C weight loss as it dehydrates to form anhydrite (CaSO4) at 
about 49.5°C (Innorta et al., 1980). Neither gypsum nor anhydrite was detected by XRD in 
our samples.  
Kaolinite contains about 14% water in its structure, and the loss of this structural water will 
cause an overestimation in organic carbon calculated from LOI (David, 1988; Goldin, 
1987; Howard and Howard, 1990). Our XRD data show that kaolinite is still found in 
samples that have been heated to 200 °C, but is no longer detected after heating at 550 
°C. According to Strezov et al. (2010), water is lost from kaolinite between 260 and 425 °C, 
and our experimental data are consistent with this conclusion. Although other clay 
minerals may lose water from their structures between 530 and 600 °C (Strezov et al., 
2010), it has been suggested that clay minerals decomposition and/or clay fraction can 
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cause only about 0.2% error in LOI at 550 °C (Hoskins, 2002; Smith, 2003; Sun et al., 
2009). This error is generally considered to be not significant (Boyle, 2004). 
Comparison between LOI data and Hylogging results shows that organic carbon increases 
with decreasing quartz content, and with the appearance of clay minerals such as kaolinite 
or montmorillonite (Na0.2Ca0.1Al2Si4O10(OH)2(H2O)10), chlorite 
((Mg,Fe)3(Si,Al)4O10(OH)2.(Mg,Fe)3(OH)6), or palygorskite (Mg1.5Al0.5Si4O10(OH)
.4(H2O)). A 
positive correlation was observed between clay mineral content and clay size content. 
 
2.4.5.4 Relationship between clay-size content and LOI. 
According to some researchers, the clay size content should be considered when 
calculating organic carbon content from LOI (see (De Vos et al., 2005; Donkin, 1991; 
Grewal et al., 1991; Soon and Abboud, 1991; Spain et al., 1982) because the clay size 
fraction could contain a significant amount of moisture, and this moisture can absorb a 
larger amount of organic matter compared with other particle size fractions (Grewal et al., 
1991; Rhodes et al., 1981). Water content in the clay fraction can be about 2 - 5%, and 
this may cause errors in the calculation of organic carbon from LOI (Craft et al., 1991; 
Veres, 2002).  
In the samples considered for this study, weight loss at 105 °C shows no signification 
linear relationship with clay-size fraction (Figure 2.4.11). In contrast, LOI 550 °C at each 
site appears to be weakly correlated with clay-size content (Figure 2.4.12) when the 
samples with the highest LOI 550 °C and those with the highest clay-size content are 
arbitrarily excluded. The scatter in the data, however, makes it impossible to derive a 
reliable and statistically justified correction factor. Within our data set, the error in the 
calculation of the OC content is likely to be small for the majority of the samples, but 
increases for increasing clay-size contents. 
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Figure 2.4.11. Relationships between clay-size fraction and water content % in samples for 
all the study sites. 
 
   
 
Figure 2.4.12. Relationships between clay-size content and LOI 550 °C in the different 
study sites. 
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2.5.5.5 Calculation of the percentage of organic carbon from LOI. 
Organic carbon content is usually calculated by multiplying LOI by a constant factor. The 
value of this factor can be obtained from the literatures and ranges between 1.5 and 2.10, 
although it can be even higher for subsurface soil (Tabatabai, 1996). Previous studies, 
however, have not validated the accuracy of the calculated values against standard 
reference materials. In general, LOI at 550 °C is considered to be “approximately” twice 
the organic carbon content (Dean, 1974; Dean, 1999; Snowball and Sandgren, 1996), and 
different factors have been proposed for the conversion of LOI to organic carbon content 
of a sample. For example, Dean (1974) found a conversion factor of 2.13, while Digerfeldt 
et al. (2000) obtained a factor of 1.45. While it is often assumed that the median of all the 
values reported in the literatures (median=2) may be more reliable (Pribyl, 2010), this 
assumption cannot be made without adequate testing. 
Examples of the different equations developed for the calculation of organic carbon 
content from LOI (see e.g., (Beaudoin, 2003; Dean, 1999; Veres, 2002) are reported in 
Table 2.5.3. Almost all these equations were obtained from the analysis of organic carbon 
by LOI and comparison with other different analytical methods such as wet oxidation using 
the Walkley and Black method (e.g., (Grewal et al., 1991; Jankauskas et al., 2006; Veres, 
2002; Wang et al., 2012). Although some of those equations have been applied for a 
range of soil types, others were developed for specific soil types such as forest soil (David, 
1988) or for types of deposits such as alluvium (Wang et al., 1996).  
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Table 2.4.3. Examples of equations developed to calculate organic carbon content from 
LOI. 
Equation Reference 
OC =0.458*LOI375-0.4 Ball (1964)  
OC= - 0.3 + (0.398*LOI)  
OC=(0.544*LOI)-(((6.5*(10^-2))*clay)+ 
((5.58*(10^-4))*(clay^2))-((1.94*(10^-3))*(clay*LOI)))    
Spain et al. (1982) 
OC =(0.405*LOI600)-0.71  For soil mineral 
OC= (0.417*LOI600)-2.492     For some layers 
Goldin (1987) 
OC= (0.52*LOI450) - 0.0134   for normal soil. 
OC = (0.813*LOI450) + (-0.00257*LOI 450^2)-2.74    for forest soil. 
David (1988) 
 
OC= LOI550/1.67- 3.627 For surface soil. 
OC= LOI550/1.678- 3.265 For non-surface soil. 
Howard and Howard (1990) 
OC= (0.4 ± 0.01)*LOI450 Craft et al. (1991) 
OC=LOI450*0.284                LOI below 5% 
OC =( 0.326*LOI550) - (0.00038*(clay)^2)   LOI great than 5% 
Donkin (1991) 
OC=( LOI550+ 0.232 -( 0.0851*clay))/1.72 Grewal et al. (1991) 
OC=(1.04*LOI360) - 0.36             LOI below 10% 
OC=(0.973*LOI360)+1.89            LOI more than 10% 
Schulte et al. (1991) 
OC= (-9.36 *  ±0.54) + (0.633* ± 0.008*LOI375) 
OC= (-1.66*±1.39) + (5.98*±0.14*LOI375) - (0.21*±0.03*clay %)  
Soon and Abboud (1991) 
OC=0.732*LOI375-1.61    for alluvium  
OC=0.739*LOI375-1.759; OC =0.452*LOI375-0.891 for all types of soil. 
Schulte et al. (1991) 
OC=((0.613±0.009)*LOI550)+(0.6±1.6) Jolivet et al. (1998) 
OC=LOI550/2 Dean (1999) 
OC=(LOI550-1.06)/1.49 Veres (2002) 
OC=0.5+0.89*LOI375 Beaudoin (2003) 
OC=0.634*LOI550-1.83 Santisteban et al. (2004) 
OC=(-0.1046 *clay)+( 0.5936 *LOI550) De Vos et al. (2005) 
OC= (0.516 *LOI550) – 18.10  
OC= (0.529 *LOI550) – 28.94  
OC= (0.443 *LOI550) – 2.77 
Wright et al. (2008) 
OC = 0.445*LOI375− 0.193 Wang et al. (2013) 
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In this study we tested the accuracy of all the equations listed above (those that used LOI 
at 550 °C and lower temperatures, because the lower temperature was deemed to be 
sufficient to destruct organic carbon) by comparing the certified TC standard values with 
those calculated from LOI data. For the purpose of this comparison, OC values were 
calculated from LOI 550 °C data using the equations reported in Table 2.4.3, while IC 
values were assumed to be equivalent to 950 °C LOI values.  
Very few studies have reported equations for the calculation of inorganic carbon from LOI 
at 950 °C. Some of these studies proposed that TIC values may be obtained by multiplying 
LOI at 950 °C by 0.25 or 1.36 (Heiri et al., 2001; Santisteban et al., 2004; Veres, 2002), 
while others concluded that TIC was negligible (e.g. (De Vos et al., 2005). 
The majority of the equations listed in Table 2.4.3 were particularly unsuitable for samples 
with low LOI. Some of them returned negative TOC values for LOI lower than 0.8% (e.g., 
(Ball, 1964; Goldin, 1987; Howard and Howard, 1990; Santisteban et al., 2004; Wang et 
al., 1996), while others yielded negative values even for LOI as high as 15% (Table 2.4.4) 
(e.g. (De Vos et al., 2005; Wright et al., 2008). 
Table 2.4.4. Examples of carbon content values calculated using some of the equations 
reported in Table 2.4.3.  
Standards 
 
Certified  
LOI% 
 
Measured 
LOI% 
Certified total   
carbon content 
(%) 
Calculated total carbon content (%)
*
 
De Vos et al. 
(2005) 
Wright et al. (2008)* 
LKSD1 23.5 24.08 12.3 3.7196 -5.744 -16.2785 
LKSD2 12.3 12.43 4.5 -3.05872 -11.6534 -22.3333 
LKSD3 11.8 11.72 4.5 -3.09552 -11.6512 -22.3378 
LKSD4 40.8 40.43 17.7 14.57888 3.7728 -6.5368 
JSO-1 24.38 25.51 8.91 4.771968 -4.75992 -15.283 
JSO-2 16.42 17.17 4.06 -0.46309 -9.37728 -20.0038 
* Calculated values using the equations reported in Table 2.4.3 for OC, and 100% LOI 950 °C for 
IC. The two different values for Wright et al. (2008) were calculated using the first and second 
equation, respectively, listed in Table 2.4.3.  
Although some other equations calculated positive values in the standard reference 
materials (Beaudoin, 2003; Craft et al., 1991; David, 1988; Grewal et al., 1991; Jolivet et 
al., 1998; Veres, 2002; Wang et al., 2013), their results are significantly higher than those 
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certified. For example, the formulas suggested by Dean (1999) would yield TOC = 20.22% 
and TIC = 0.82% for LKSD-4 (TC = 21.04%), while the certified TC value is 17.7%.  
Other equations yielded the same OC value for a wide range of LOI. For example, the first 
equation suggested by Soon and Abboud (1991) returned the same OC result of around 
4.9% for all our samples, despite their wide range on LOI 550 °C (0.6-40%). The clay-size 
fraction was considered in some of the equations reported in Table 2.5.3 (De Vos et al., 
2005; Donkin, 1991; Grewal et al., 1991; Soon and Abboud, 1991; Spain et al., 1982), 
however acceptable results could be obtained only for low clay-size fractions coupled with 
high LOI values. For instance, Grewal et al. (1991) equation produces acceptable results 
only for ~10% clay-size and LOI ≥ 10%.  
In summary, our results demonstrate that none of the equations listed in Table 2.4.3 is 
able to calculate the correct amount of organic carbon from LOI in samples with variable 
grain size and mineral composition. 
 
2.4.6 Conclusion. 
Determination of organic carbon content is required in many geological and environmental 
investigations. Despite ongoing debate over its reliability, the LOI method is widely used to 
estimate the organic carbon content in sediments and soils. The LOI method has many 
advantages over alternative methods, including the rapidity and low cost of the analysis. 
For these reasons the method is widely used in the scientific community. However the 
experimental conditions controlling LOI results have not been fully tested, with the 
exception of temperature.  
In this study, three sets of experiments were carried out to assess how LOI data are 
influenced by sample size, heating time, and clay size content. Certified geological 
reference materials were used to establish the accuracy of carbon content data calculated 
from LOI values using a range of equations available in the literature.  
Our results indicate that sample size has a significant impact on LOI at any temperature 
(105 °C, 550 °C and 950 °C), and therefore on calculated organic carbon content. Sample 
sizes smaller than 1 g resulted in variable LOI 105 °C, LOI 550 °C and LOI 950 °C values, 
and LOI 550 °C and LOI 950 °C values slightly decreased for increasing sample size 
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above 1 g. The LOI 550 °C of samples containing more than 30 wt% organic matter and 
40 wt% moisture remained unstable for sample sizes smaller than 3 g. We therefore 
recommend that a minimum sample weight of 1 g (or 3 g for samples containing more than 
30 wt% organic matter and 40 wt% moisture) should be used for LOI analysis and for the 
calculation of organic carbon content.  
A minimum heating time of 4 hours was necessary to achieve consistent LOI 550 °C 
results. The majority of the organic matter was completely destroyed after one hour, but 
LOI values were positively correlated with heating times for heating times shorter than 4 
hours. Results of LOI 950 °C were also dependent on heating time. Our experiments also 
found that a temperature of 550 °C was suitable to destruct all organic matter in the tested 
standard reference materials.   
Clay-size content had a very small influence on LOI 550 °C, especially in samples with 
less than 10% clay-size content. The correlation between these two parameters, however, 
was very poor and could not be precisely quantified.  
Finally, a number of equations are available in the literature to calculate organic carbon 
content from LOI. None of the equations considered in this study could produce accurate 
values for a range of certified standard materials, although some of these equations may 
yield reliable results for a narrow range of sediment types and compositions. We therefore 
recommend that for an accurate determination of organic carbon content, the LOI method 
should be calibrated and constrained with the direct measurement of organic carbon 
content using the standard analytical methods available in the literature.  
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2.5 Organic carbon in Moreton Bay coastal sediments. 
Two hundred and five sediment samples collected from the Tinchi Tamba Wetlands, 
Beerburrum Forestry, Beachmere coastal area, Burpengary estuary, Myora Springs and 
Brown Lake on North Stradbroke Island were analysed for organic carbon content using 
the procedure described in above (Chapter 2, part 4).  
LOI 550 °C values in Tinchi Tamba sediments ranged from 0.7 to 31.5 % (average ~5.5%), 
with the highest LOI 550 °C values comparable with those of the other study sites. LOI 550 
°C in the Beerburrum forestry sites ranged from 0.47 to 19.6 (average ~5%), and between 
0.2 and 14% (average 3.75%) at the Burpengary sites. North Stradbroke Island (Brown 
Lake and Myora Springs) and Beachmere recorded the lowest LOI 550 °C (2.3% and 
2.2%, respectively). The NSI and Beachmere sites are characterized by sandy sediments, 
however both areas have been strongly modified by the construction of residential areas 
and public parks, and these anthropogenic disturbances may be partly responsible for the 
differences with the Tinchi Tamba and Beerburrum sites. 
The highest LOI 550 °C values were found at the top of the cores, reflecting a significant 
contribution from recent organic matter to the total organic carbon content. However, no 
linear relationship could be established between LOI 550 °C and depths in any of the sites 
(e.g. Figure 2.5.1). 
 
Figure 2.5.1. Distribution of LOI as a function of core depth in the Tinchi Tamba Wetlands 
(core MW6). 
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Moisture content (LOI at 105 ºC) in all samples shows a good relationship with LOI at 550 
°C (Fig. 2.5.2), irrespective of sample depth (e.g. Fig. 2.5.3). Moisture content was higher 
in muddy sites (Burpengary, Tinchi Tamba and Beerburrum) compared with sandy sites 
(Beachmere and NSI). Moisture content reached over 50% in the sites dominated by mud, 
while it was always lower than 30% in areas dominated by sand. However, the relationship 
between moisture content and mud content was very poor (R2= 0.2), and even worse with 
clay, silt or sand size fractions. 
 
Figure 2.5.2. Correlation between LOI 550 °C and water content (LOI 105 °C) in the 
Moreton Bay catchments (all samples). 
 
Figure 2.5.3. LOI 105 ºC and LOI 550 ºC trends as a function of depth in the Tinchi Tamba 
Wetlands (core MW6). 
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LOI at 950 °C (inorganic carbon) ranged from ~1% in sites dominated by mud, while sandy 
sites such as Beachmere and NSI had as little as 0.1%.  
The sites in the northern part of Moreton Bay show a good linear relationship between 
water content (LOI 105 °C) and LOI 950 °C (Fig. 2.5.4), although the amount of LOI at 950 
°C (inorganic carbon) was always under 4%, with the majority of values below 1%. 
 
 
Figure 2.5.4. Correlation between LOI 950 °C and water content (LOI 105 °C) in the 
Moreton Bay sediments. 
 
Generally, there was no connection between depth and LOI 105 °C, LOI 550 °C and LOI 
950 °C. 
In summary, the different types of sediments within the Moreton Bay region are the main 
factor controlling the distribution of organic carbon (calculated from LOI at 550 °C), 
inorganic carbon (calculated from LOI at 950 °C) and water content  (LOI at 105 °C), in the 
different study sites and at the different depths.  
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2.6 Procedures for the removal of organic carbon from biological and 
geological samples and their impact on REE concentrations and 
patterns 
 
Several sample digestion procedures have been described in the literature to remove 
organic matter from biological (e.g., plant, peat, shells), soil and sediments samples prior 
to acid digestion for elemental and isotopic analysis. None of these methods, however, 
has been tested for its potential impact on REE concentrations and fractionation patterns. 
Three of the most common methods were tested in this study: 1) digestion with 
concentrated nitric acid; 2) digestion with hydrogen peroxide followed by nitric acid; and 3) 
dry ashing followed by nitric acid digestion. The material remaining after these procedures 
was digested using a mixture of hydrofluoric, nitric and hydrochloric acid (total digestion), 
and the resulting solutions were analysed for their REE concentrations using ICP-MS. The 
tests were carried out on siliciclastic sediments, carbonate shells, and plant matter. 
Standards reference materials N-1515, JSO-1, JSO-2, W-2, MESS-3, LKSD-1, 2 and 4 
were used in the experiments to monitor accuracy. The use of H2O2 led to a decrease in 
the concentration of REE probably because H2O2 could not complete the decomposition of 
organic carbon. In contrast, pre-digestion by HNO3 or by loss on ignition (LOI) led to 
excellent REE recovery. REE patterns were not affected by the different pre-digestion 
methods. Removal of organic carbon by HNO3 or ashing before total dissolution yielded 
almost full recovery for trace and REE element concentrations. None of the methods 
tested in this study caused REE fractionation, however only ashing and HNO3 digestion 
should be used to achieve full REE recovery. 
 
2.6.1 Introduction. 
Organic carbon plays an important role in sediments by influencing their chemical 
composition and cation exchange capacity (chelation, sorption and desorption), as well as 
impacting metals during their transport, deposition, and retention (Baize et al., 1999; Hu et 
al., 2006; Loring and Rantala, 1992; Magdoff, 1996). For example, organic carbon seems 
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to control the distribution of some elements such as Al, Ca, Fe, Ga, Th, U, Y, As, Cu, V 
and REEs (e.g., Åström, 2001; Aubert et al., 2004; Dupré et al., 1999; Lindsay, 1991; 
Peacor et al., 2000; Queralt et al., 1999; Tyler, 2004a; Zhang et al., 2011).  
Rare earth elements are usually associated with particles of organic carbon in aqueous 
environments (Åström, 2001; Hoyle et al., 1984; Sholkovitz et al., 1992). Organic carbon 
can adsorb free dissolved REE, and these complexes can become adsorbed onto as the 
surface of sediment particles (Davranche et al., 2006). In addition, REEs are known to 
have affinity for organic carbon in coal (Eskenazy, 1999; Schatzel and Stewart, 2012). 
Therefore, the incomplete digestion of organic matter in a geological sample may lead to 
only partial REE recovery (Chao and Sanzolone, 1992).  
Organic carbon in wetland soils, particularly under chemically reducing conditions, appears 
to release many chemical elements such as rare earth elements, and the majority of REEs 
in wetlands soils could be sourced from organic carbon (Davranche et al., 2011). In 
addition, organic carbon could influence on dissolve, behaviour, solubility and movements 
of REEs in sediments (Sonke and Salters, 2006; Stolpe et al., 2013; Tripathy et al., 2011; 
Wyttenbach et al., 1998). 
Under most environmental conditions REEs have positive charges and can easily be 
adsorbed by, or associate with negatively charged organic carbon (Pourret et al., 2007b; 
Tyler, 2004a; Tyler, 2004b). Hence, for accurate studies of REEs in water, many 
ultrafiltration techniques have been applied to remove the organic carbon (Dia et al., 2000; 
Johannesson et al., 2004; Pourret et al., 2007a; Sholkovitz, 1995; Tanizaki et al., 1992). 
In contrast, little attention has been given to the removal of organic carbon from other 
environmental matrices such as soils and sediments. In sediments REEs could be 
associated with organic carbon in different ways, and the determination of the exact 
concentration of REEs still needs further method development (Pang et al., 2002; Pourret 
et al., 2007a). Although metals are usually strongly bound with organic carbon, the 
decomposition of organic matter leads to the breakage of such bonds (Davranche et al., 
2006; Wang et al., 2004; Warren and Haack, 2001), thus, increasing our ability to minimize 
matrix interferences during REE analysis. 
A number of comparative studies of different digestion methods for different types of 
samples, and their impacts on major and trace elements distribution have been published 
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(e.g. (Aydin, 2008; Momen et al., 2006; Nemati et al., 2010; Sastre et al., 2002; Xu et al., 
2012). While some of these studies reviewed different techniques to determine REEs in 
different materials (Zawisza et al., 2011), none of them considered the relationship 
between organic carbon and REEs, and the need to completely dissolve organic carbon in 
order to release REEs into solution and therefore to accurately measure their distribution. 
In general, organic carbon is removed by two methods, namely wet oxidation (addition of 
an acid to dissolve the organic carbon during the first step of digestion), or dry oxidation 
(sample combustion at a specific temperature) (Bisutti et al., 2004; Charles and Simmons, 
1986; Chatterjee et al., 2009; Enders and Lehmann, 2012; Vaasma, 2008). Hydrogen 
peroxide is widely used to oxidize organic carbon in sediments before grain size, 
mineralogy, and chemical analyses (Beierle et al., 2002; Mikhail and Briner, 1978; Sequi 
and Aringhieri, 1977; Siiro et al., 2005). Nevertheless, some researchers have suggested 
that H2O2 may not fully remove organic carbon from the sediments (Harada and Inoko, 
1977; Kazi et al., 2009; Tabatabai, 1996). In addition, H2O2 may cause the dissolution of 
aluminum and iron (Guélou et al., 2010; Lavkulich and Wiens, 1970; Mikutta et al., 2005; 
Pham, 2012), and may also result in the formation of some oxalate of calcium, aluminum 
and/or iron (Bourget and Tanner, 1953; Escudey et al., 1999; Martin, 1954; Mikutta et al., 
2005; Pansu and Gautheyrou, 2006). Hydrogen peroxide has been used extensively 
together with other chemical regents to digest biological samples (Altundag and Tuzen, 
2011; De Boer and Maessen, 1983; Sapkota et al., 2005), however its influence on REEs 
distribution in the solute remains unknown.  
Concentrated nitric acid has been used successfully to digest the organic carbon in plant 
and soil samples (Chao and Sanzolone, 1992; Marin et al., 2008; Thomas and Smythe, 
1973), although only partial dissolution could be achieved in some cases (Bizzi et al., 
2011a; Bizzi et al., 2011b; Gonzalez et al., 2009). Heating at ~180 °C has been 
recommended to ensure complete digestion (Würfels, 1989), however this procedure may 
lead to volatilization of some elements (Novozamsky et al., 1995). Heating at lower 
temperature, e.g., 125 °C, has been shown to result in total decomposition of plant 
samples after 17 hours (Ippolito and Barbarick, 2000). In summary, the use of either HNO3 
or H2O2 may lead to only incomplete decomposition of organic carbon in sediment, plant or 
biological samples (Gonzalez et al., 2009; Knapp, 1991; Ogner, 1983), and the use of 
these oxidizing agents could produce some instrument analytical interferences (Falciani et 
al., 2000; Griffith and Schnitzer, 1977; Novozamsky et al., 1995).  
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Dry oxidation (ashing) is the process whereby the sample is combusted at a certain 
temperature to volatilize organic matter. This procedure has been recommended as the 
first step of total digestion (Enders and Lehmann, 2012; Yafa and Farmer, 2006), and has 
been used to completely break down organic matter (Byers et al., 1978; Eskenazy, 1999; 
Schatzel and Stewart, 2012; Schulte and Hopkins, 1996; Yafa and Farmer, 2006). One 
benefit of this method is that the ashing procedure does not  cause any instrumental 
interferences (Ashoka et al., 2009). Ashing, however, may also lead to the loss of some 
volatile elements such as As, B, Li, Hg, Se, Sb and Zn (e.g. (Ashoka et al., 2009; Fecher 
and Ruhnke, 2002; Vassileva et al., 2001; Yafa and Farmer, 2006).  
The main objectives of this study were to evaluate the impact of different oxidation 
methods used for the removal of organic matter from sediments, plants, and shells prior to 
ICP-OES and ICP-MS elemental analyses. In particular, the concentrations of REE and 
REE patterns obtained after two wet dissolution methods and ashing were compared to 
establish if any of these methods could potentially lead to REE loss or fractionation. 
 
2.6.2 Materials and methods.  
Samples were collected from the Tinchi Tamba wetlands in Moreton Bay (southeast 
Queensland) from eight sediment cores obtained using a vibracorer. Fifteen sediments 
collected at different depths and with different contents of organic matter were selected for 
this study. Three shell fragments and fifteen samples of local plant roots were also 
processed together with the sediment samples. The content of organic carbon was 
estimated using the methods described in Chapter 2, section 4. The organic carbon 
content in the sediment samples ranged from 3.7 to 21 %, and exceeded 42% in the plant 
samples. 
Samples were dried at 105 °C for 3 hours to remove any moisture, and then were crushed 
in an agate mortar to obtain a very fine powder. Each sample was divided into four parts.  
One part was ashed at 550 °C for 4 hours (Procedure 1) prior to total digestion. 
The second part was reacted with 2 ml of H2O2 (35%) in Teflon beakers (Procedure 2). 
The sample was first left for thirty minutes at room temperature to start the reaction, and 
then was placed on a hotplate for 7 hours at 70 - 80 °C to increase the rate of digestion. 
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The beakers were then capped and left on the hotplate at 130 °C overnight. The following 
day the solutions were evaporated at low temperature (around 90 °C), and the residues 
were digested for ICP-MS analysis procedure. 
The third part of the sample was mixed in a Teflon beaker with 3 ml of HNO3, and the 
sample was processed using the same procedure describe above for H2O2 digestion 
(Procedure 3). 
In the fourth part of the sample, organic carbon was not removed and total digestion was 
performed on the bulk sample (Procedure 4).  
All the pre-treated sediment fractions were then digested as a single batch to avoid any 
procedural inconsistencies. A mixture of concentrated HNO3+HF, HCl, and HNO3 was 
used to dissolve the residues using the procedure described in Appendix IV and Chapter 
4. The samples were analysed by Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES; Perkin-Elmer Optima 8300) for major elements, while the 
concentrations of trace and rare earth elements were measured by Inductively Coupled 
Plasma Mass spectrometry (ICP-MS; Thermo Electron X-7 Series). 
Roots of different local plants (Eucalyptus tereticornis, Casuarina cristata, and Acacia 
maidenii) were thoroughly washed using Milli-Q water to remove any mineral matter, and 
then were broken into small pieces (by a hand and using clean pruning shears) and 
divided into three parts. Each part was then processed using the same procedures (1 to 3) 
described above for the sediments.  
After ashing or digestion with H2O2 the first aliquots of the plant samples were not totally 
dissolved. Therefore, 2 ml of HNO3 were added into the Teflon vessels, and these were left 
overnight on a hot plate at 130 °C to complete the digestion.  
The third aliquot of plant samples was digested for 36 - 48 hours with 3 ml of HNO3. After 
dry or wet oxidation all the different aliquots of plant samples were further digested using 
concentrated HNO3, and then analysed by ICP-OES and ICP-MS following the same 
procedures described for the sediment samples.    
Shell samples were broken into small pieces in an agate mortar, and digested using the 
same procedures described for the plant samples. As shells are made of almost pure 
CaCO3 , ashing at 550 °C did not lead to any weight loss. 
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For quality control, eight certified reference materials (CRMs), namely NIST SRM-1515 
(apple leaves), JSO-1 (Holocene black forest soil), JSO-2 (Late Pleistocene brownish 
black soil), W-2 (diabase), MESS-3 (marine sediments), LKSD-1, LKSD-2 and LKSD-4 
(three different types of lacustrine sediments) were processed and analysed together with 
the samples. These standards were selected because they contain a wide range of 
organic carbon (0.37 to 46.6%; Table 2.6.1) as estimated from loss on ignition (LOI) 
following the procedure described in Chapter 2, section 4 (see also (Dean, 1974; Heiri et 
al., 2001).  
 
Table 2.6.1. LOI % of standard reference materials used in this study. 
CRMs W-2 MESS-3 JSO-1 JSO-2 LKSD-1 LKSD-2 LKSD-4 N-1515 
% LOI at 550 °C 0.742 10.01 25.56 17.18 24.09 12.43 40.43 92.92 
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2.6.3 Results and discussion. 
2.6.3.1 Influence of pre-digestion methods on major and trace elements in 
sediments. 
Concentrations of major elements Fe, K, Na, Mg, Mn, P, S and Ti, and trace elements B, 
Cd, Co, Cs, U, Pb, Y and Zn appeared to be affected by the method used to remove 
organic carbon prior to sample digestion (Table 2.6.2), although the results from these 
digestions showed strong linear relationships (e.g. Fig. 2.6.1). The relatively low recoveries 
following H2O2 digestion suggest incomplete decomposition of organic matter by H2O2.  
 
 
Figure 2.6.1. Comparison between Procedure 1 and Procedure 2 for (A) Mn and (B) P. 
Note the linear relationship but a slope different from 1, with higher recoveries following 
Procedure 1 compared with Procedure 2. 
 
For a number of elements (Al, Ba, Ca, K, Mg, Na, Sr, Ti and Tl) the overall recovery 
(defined as the ratio between element concentrations measured after Procedure 2 and 
element concentration measured after Procedure 1) (Table 2.6.3) decreased significantly 
for increasing LOI content (Fig. 2.6.2). 
 
 
 
 
 
71 
 
 
 
Z
n
 
Y
 
P
b
 
U
 
C
s
 
C
o
 
C
d
 
B
 
T
i 
S
 
P
 
M
n
 
M
g
 
N
a
 
K
 
F
e
 
S
a
m
p
le
 
   P
ro
c
e
d
u
re
 
T
a
b
le
 2
.6
.2
. C
o
n
c
e
n
tra
tio
n
s
 o
f m
a
jo
r e
le
m
e
n
ts
 F
e
, K
, N
a
, M
g
, M
n
, P
, S
 a
n
d
 T
i, a
n
d
 tra
c
e
 e
le
m
e
n
ts
 B
, C
d
, C
o
, C
s
, U
, P
b
, 
Y
 a
n
d
 Z
n
 (p
p
m
) in
 T
in
c
h
i T
a
m
b
a
 s
e
d
im
e
n
ts
 d
ig
e
s
te
d
 fo
llo
w
in
g
 th
e
 fo
u
r d
iffe
re
n
t p
ro
c
e
d
u
re
s
. 
 
7
1
.7
2
 
3
0
.5
1
 
2
7
.8
 
7
7
7
9
.6
 
5
.4
 
1
5
.4
 
2
.1
 
2
3
4
 
5
3
9
6
 
4
4
0
3
.4
 
1
8
5
8
 
3
2
9
 
5
2
8
5
 
7
6
4
6
.6
 
9
4
6
2
.1
 
5
7
9
7
7
.5
 
1
9
 
   H
2 O
2  
1
2
6
.9
9
 
3
6
.2
9
 
3
8
.1
 
9
1
7
0
.8
 
7
.3
 
3
2
.8
 
2
.6
 
4
5
4
 
9
1
6
2
 
2
4
5
7
.7
 
2
3
6
7
 
6
3
6
 
7
4
6
9
 
1
0
6
5
5
 
1
3
5
6
8
.9
 
8
9
4
0
4
 
1
9
 
          L
O
I 
1
1
5
.8
2
 
4
3
.0
7
 
3
1
.7
 
8
3
2
8
.1
 
6
.1
 
3
1
.4
 
2
.5
 
6
1
5
 
8
8
6
2
 
2
5
5
1
.0
 
2
6
1
7
 
6
4
6
 
7
3
2
9
 
1
0
3
4
6
.7
 
1
3
2
5
3
.7
 
8
9
5
4
8
 
1
9
 
            H
N
O
3  
1
1
8
.2
8
 
4
0
.1
5
 
3
1
.2
 
8
1
7
6
.7
 
5
.9
 
3
0
.9
 
2
.5
 
5
9
2
 
8
0
9
4
 
2
3
7
1
.3
 
2
2
1
3
 
6
0
3
 
7
3
0
9
 
9
8
6
6
.3
 
1
2
9
0
6
.3
 
8
8
8
2
4
.8
 
1
9
 
          N
o
n
 
5
4
.2
3
 
1
7
.7
 
1
2
.2
 
1
9
4
3
 
2
.3
 
4
5
.8
 
0
.7
 
9
9
 
4
0
2
3
 
2
4
9
.1
 
8
5
5
 
1
4
7
4
 
4
4
6
0
 
1
1
6
0
5
.1
 
9
3
0
9
.9
 
3
8
2
6
0
.9
 
7
A
 
          H
2 O
2  
1
0
2
.4
0
 
3
2
.1
 
1
9
.9
 
3
3
2
9
.4
 
3
.7
 
1
1
4
.7
 
0
.9
 
1
6
3
 
7
8
2
4
 
4
6
1
 
8
0
1
 
3
6
7
4
 
5
4
9
9
 
1
3
1
1
8
 
1
1
6
8
5
.6
 
4
6
8
1
4
.1
 
7
A
 
           L
O
I 
1
0
4
.9
2
 
2
9
.7
9
 
2
0
.1
4
0
 
2
9
8
1
.7
8
 
2
.6
3
 
8
3
.3
 
0
.6
6
2
 
1
4
5
 
5
5
1
0
 
4
0
7
.7
 
7
7
8
 
2
3
8
6
 
5
5
5
1
 
1
3
0
8
7
.9
 
9
6
7
.5
 
3
8
7
7
9
.6
 
7
A
 
           H
N
O
3  
1
0
4
.2
9
 
2
7
.7
5
 
1
9
.7
8
4
 
2
8
8
3
.6
 
2
.5
 
6
8
.2
 
0
.6
1
2
 
1
3
6
 
5
4
9
7
 
3
9
7
.3
 
7
0
8
 
2
3
7
0
 
4
8
1
7
 
1
2
7
5
7
 
9
2
1
.4
 
3
5
5
6
9
.7
 
7
A
 
          N
o
n
 
4
5
.6
3
 
1
6
.3
1
 
1
0
.9
0
8
 
1
7
3
2
 
2
.3
 
2
4
.3
 
0
.2
8
5
 
9
7
 
4
1
9
5
 
1
4
4
.7
 
4
9
8
 
6
8
3
 
4
3
1
5
 
1
0
9
9
9
.6
 
1
0
1
7
1
.7
 
3
0
7
0
7
.9
 
1
0
A
 
          H
2 O
2  
3
1
1
.4
8
 
3
9
.9
7
 
2
0
.2
1
1
 
3
1
1
9
.1
 
4
.0
2
 
3
9
8
.6
 
0
.8
3
7
 
1
6
3
 
1
8
8
5
6
 
2
4
8
.9
 
9
9
5
 
6
1
3
3
 
5
5
4
0
 
1
3
6
7
0
.3
 
1
4
9
4
1
.4
 
4
5
7
1
8
.9
 
1
0
A
 
          L
O
I 
2
9
7
.7
5
 
3
8
.8
2
 
2
0
.4
1
8
 
2
6
7
6
.4
 
3
.3
 
1
5
7
.1
 
0
.6
2
3
 
1
3
5
 
8
7
4
4
 
2
2
3
.1
 
6
0
8
 
1
2
1
3
 
5
4
6
7
 
1
3
2
8
1
.8
 
1
2
4
4
2
.8
 
3
1
1
1
8
.6
 
1
0
A
 
            H
N
O
3  
2
8
7
.7
2
7
 
3
8
.2
7
7
 
1
9
.9
6
4
 
2
6
5
6
.4
 
3
.0
1
 
5
4
.8
 
0
.5
9
8
 
1
3
3
 
8
7
2
6
 
2
1
6
.5
 
5
3
4
 
1
1
8
0
 
5
3
9
8
 
1
2
2
2
5
.5
 
1
2
3
8
4
 
2
9
9
2
2
.9
 
1
0
A
 
           N
o
n
 
72 
 
 
Table 2.6.3. The percentages of recovery between procedures 2 and 1 for Al, Ba, Ca, K, 
Mg, Na, Sr, Ti, and Tl.  
Sample LOI % Al Ba Ca K Mg Na Sr Ti Tl 
16 7.42 99.5 99 103.4 99.7 97.9 82.6 107.2 98.6 106.1 
9A 8.17 94.4 92.2 109.1 92.5 99.6 95.2 99.9 94.9 79.1 
15 11.41 92.3 90.5 98.9 95.6 91.4 84.1 91.9 92.6 81.9 
2T1 11.56 88.4 87.5 87.1 90 91.7 92.9 86.6 87.7 99.8 
10A 13.08 80.1 81 80.3 81.7 78.6 82.3 80.8 83 73.6 
12A 16.13 90.5 89.3 86.1 92.6 92.4 89.1 87.5 88.3 89.9 
13A 16.73 78.7 80 79.3 80.2 75.6 86.9 80 82 95.3 
7A 19.19 81.4 80.1 82.5 79.7 86.8 86 80.3 79.3 78.3 
1T1 19.65 82.2 80.6 81.8 82.79 83.2 86 81.3 83.5 90.6 
20 28.3 68.2 67.5 69.3 66.5 68.7 71 67.1 69.5 62.5 
19 29.48 70.5 70.4 70.6 69.7 71.5 65.6 69.7 70.3 57.8 
17 42.35 57.4 56.8 55 55.9 57.8 58 55.7 56.8 75.8 
 
 
 
 
Figure 2.6.2. Relationship between LOI content and element recovery (ratio between 
element concentration measured after Procedure 2 and element concentration measured 
after Procedure 1, multiplied by 100) for a range of major and trace elements in the 
sediment samples analysed in this study. 
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However, the other elements such as REEs did not show clear linear relationships 
between recoveries (procedures 1-3) and LOI (e.g., Fig. 2.6.3). 
 
Figure 2.6.3. Relationship between LOI content and element recovery (ratio between 
element concentration measured after Procedure 2 and element concentration measured 
after Procedure 1, multiplied by 100) for REEs in sediment samples. 
 
Measured CRMs values were within the certified standard range, apart from N-1515, but 
H2O2 digestion (Procedure 2) was less efficient compared with HNO3 digestion (Procedure 
3) and ashing (Procedure 1) (see Table 2.6.4). This may be due to the fact that H2O2 is not 
able to completely digest organic carbon (e.g. (Harada and Inoko, 1977; Tinggi et al., 
1992).  
Table 2.6.4. Concentration values (ppm) of some reference standard materials digested by 
different procedures to remove their organic carbon. 
Methods H2O2 HNO3 H2O2 LOI HNO3 HNO3 H2O2 HNO3 
References MESS-3 MESS-3 W-2 W-2 W-2 JSO-1 JSO-2 JSO-2 
analysis by ICP-MS 
Li 10 3.1 9.1 11 9.1 
 
11.5 3.6 
Be 2.3 1.9 0.6 0.7 0.6 0.7 85.4 98.7 
Mg 20875 16127 37940 38867 36406 
 
1659 9795 
Al 105435 78046 80906 84248 77099 
 
63473 103486 
P 1541 1116 896 579 537 
 
1525 608 
K 36779 24531 52606 5400 4911 
 
7891 11653 
Ca 21324 13560 75911 82157 73051 16833 3318 7812 
Sc 23.6 14.4 34.9 35.8 33.7 30.2 14 27.7 
Ti 6343.9 3525.6 6715.9 6844.3 6490 6434.5 3982 5797.7 
V 376.5 207.3 259.6 265.2 252.4 279.5 918.6 1216.8 
Cr 3617 122.3 91.2 97.4 90.2 69.7 716 1023.5 
Mn 813.916 288.686 1294.492 1331.158 1236.766 1392.6 839.1 1271.8 
Fe 85159.42 38602.65 76203.80 78077.97 74021.48 70892.85 44042.46 65068.83 
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Table 2.6.4. continued Concentration values (ppm) of some reference standard materials 
digested by different procedures to remove their organic carbon. 
Co 39.51 13.01 43.72 44.94 42.32 31.28 659.33 979.58 
Ni 2103.4 61.9 69.9 76.4 68 36.3 647.2 903.7 
Cu 105.9 34.4 100 104.2 97.8 150.8 749.9 1078.5 
66
Zn 220.19 114.14 74.07 97.71 69.05 100.55 634.73 781.83 
67
Zn 253.82 134.22 73.86 95.18 69.42 
 
578.79 747.86 
Ga 31 19 17 18 17 18 14 21 
84
Sr 163.3 127.1 191.8 221.6 185.5 
 
26.4 73.7 
Rb 179.0 138.4 20.7 21.2 19.9 11.4 10.8 55.1 
86
Sr 159.3 126.3 192.2 224.1 184.9 173.5 27.9 75.9 
87
Sr 517.2 419.8 192.5 218.3 185.2 
 
45.5 185.5 
Y 29.912 24.959 21.491 22.400 20.756 20.282 499.519 1044.006 
Zr 135.46 118.26 89.45 91.73 83.29 69.81 757.60 1035.41 
Nb 16.4 14.03 7.1 7.3 6.9 2.4 3.7 5.2 
Mo 43.3 3.0 0.4 0.5 0.4 0.5 743.5 983 
Sb 1.1 0.9 0.7 0.7 0.7 0.2 48.7 65 
Cs 8.7 8.5 0.9 0.9 0.8 1.6 0.1 3.3 
135
Ba 946.25 909 166.94 179.54 159.69 
 
95.82 251.65 
137
Ba 947.21 941.64 166.94 178.30 159.09 244.39 96.55 254.57 
La 38.128 36.841 10.605 11.833 10.307 9.252 6.513 16.571 
Ce 74.252 70.062 22.889 25.113 22.244 20.416 12.681 30.251 
Pr 8.540 8.254 2.915 3.171 2.838 2.994 1.693 3.979 
144
Nd 31.494 30.383 12.743 13.543 12.383 
 
7.275 16.699 
146
Nd 31.809 30.591 12.748 13.672 12.421 13.680 7.362 16.794 
147
Sm 5.880 5.631 3.187 3.365 3.099 
 
1.718 3.879 
149
Sm 5.881 5.662 3.242 3.419 3.155 3.507 1.742 3.942 
151
Eu 1.194 1.154 1.065 1.104 1.025 1.085 0.489 1.092 
153
Eu 1.166 1.153 1.069 1.103 1.031 1.079 0.492 1.082 
Tb 0.732 0.703 0.609 0.631 0.590 0.615 0.306 0.671 
Gd 4.761 4.637 3.589 3.747 3.454 3.847 1.875 4.203 
Dy 4.183 4.062 3.684 3.832 3.585 3.726 1.850 4.093 
Ho 0.850 0.832 0.767 0.801 0.744 0.794 0.391 0.864 
Er 2.465 2.405 2.178 2.271 2.103 2.206 1.128 2.494 
Tm 0.375 0.367 0.320 0.338 0.313 0.329 0.171 0.378 
Yb 2.381 2.341 1.994 2.093 1.935 2.091 1.073 2.403 
Lu 0.371 0.358 0.300 0.313 0.293 0.312 0.165 0.372 
Hf 
 
3.08 2.33 2.36 2.17 2.03 15.43 23.32 
W 
     
0.6 
  
Tl 1.2 1.2 0.1 0.1 0.1 0.2 2.3 3.3 
206
Pb 21.4 19.8 7.8 8.5 7.1 15.8 152 222.7 
207
Pb 20.9 19.2 7.8 8.6 7.1 16.3 151 219.7 
208
Pb 21.1 19.6 7.8 8.5 7.1 16.0 147.5 216.4 
Th 11.2 10.7 2.1 2.3 2 1.7 1.7 3.8 
235
U 0.39 3.47 0.47 0.47 0.49 
 
0.46 1.55 
238
U 3.49 3.44 0.49 0.53 0.46 0.84 1.02 1.56 
analysis by ICP-OES 
Al 84061 77160 79255 79029 79603 89376 63578 102786 
Ba  996 914 169 168 168 243 122 300 
Ca  13955 13408 76052 75965 76233 16933 3229 7630 
Co  28 14 44. 44 42 41 546 947 
Cr  2174 118 89 90 91 69 708 1056 
Cu 58 26 98 102 100 165 849 1131 
Fe  49694 39118 72942 72871 73387 74030 44432 67009 
K  24757 18241 4958 4820 4811 1977 6574 8761 
Mg  17736 15699 39600 37941 37896 11370 1616 9427 
Mn  519 327 1262 1260 1266 14979 856 1276 
Na  13963 13047 16835 16424 16359 3964 1994 4494 
Ni 1127 61 70 65.972 68. 44 646 943 
P  1199 1040 910 618 614 1923 1237 681 
Sr 133 122 192 190 191 182 27 74 
Ti  4057 3825 6109 6069 6114 6758 3945 5928 
V  234 195 292 289 292 306 842 999 
Zn  285 211 77 75 76 99 703 1633 
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2.6.3.2 Influence of pre-digestion methods on total REE in sediments. 
Results for ∑REEs were lower after Procedure 2 compared with the other two procedures, 
although ∑REEs had a strong linear relationship among the different procedures (Fig. 
2.6.4).  
 
Figure 2.6.4. Comparison between Procedure 1 and Procedure 2 for total REE 
concentrations. Note the linear relationship but a slope different from 1, with higher 
recoveries following Procedure 1 compared with Procedure 2. 
 
Procedure 1 (ashing) yielded significantly higher REE concentration compared with 
Procedure 2 (H2O2 digestion) and procedure 3 (HNO3 pre-digestion), however the REE 
patterns were the same (Fig. 2.6.5) (Al-kaabi and Gasparon, 2014). It should be noted that 
Procedure 4 is virtually equivalent to procedure 3; hence the similarity in the results 
following these two procedures. The difference in REE concentrations between Procedure 
1 and Procedure 2 decreases where the amount of organic carbon is lower than ~3.5% of 
organic carbon. Thus, LOI should be determined prior to sample digestion to select the 
most appropriate pre-digestion procedure.  
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Figure 2.6.5. Patterns of PAAS normalized REEs in two sediment samples (13A and 17) 
where organic carbon was removed by ashing (Procedure 1), H2O2 (Procedure 2) and 
HNO3 (Procedure 3). 
 
Unlike the REEs, Y concentrations showed some variability following the different pre-
digestion procedures (Fig. 2.6.6). This variation was presented only when H2O2 was used. 
However, variation in Y values also was noticed for number of standard reference 
materials (Sen Gupta, 1993). Although H2O2 was used in many steps during the digestion 
of these standards, the author was not mention a possible reason for this change in Y 
values. Y can be insoluble comparing with other REE if hydrogen peroxide was used for 
rare earth peroxicarbonates precipitation (de Vasconcellos et al., 2008). Other study found 
that cerium (IV) was turned to cerium (III) when H2O2 was applied (Kramer and Davies, 
1982), however, they did not discuss whether H2O2 directly affected Ce anomalies or 
indirect by impact organic matter or another element. In fact, H2O2 may influence iron in 
solution during the digestion (Escudey et al., 1999; Guélou et al., 2010; Mikutta et al., 
2005; Pansu and Gautheyrou, 2006; Pham, 2012), and Y anomalies in different 
environments found to be controlling by Fe-oxides (Bau and Koschinsky, 2009; Bau et al., 
1996; Bau et al., 1998; Planavsky et al., 2010; Surya Prakash et al., 2012). Thus, affecting 
iron by H2O2 in solution may lead to impact on Y element. On the other hand, complex 
binding between REY and organic matter could influence Y/Ho (Kramer and Davies, 1982; 
Thompson et al., 2013). As our study and other studies showed that hydrogen peroxide 
was unable to remove all organic carbon from samples, and it could be present as trace in 
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solution that prepared for REY analysis (Planavsky et al., 2010). Thus, organic matter left 
in solution that digestion by H2O2 may made the variation in Y.   
 
  
Figure 2.6.6. Patterns of REYs in CRM (A) AGV2, (B) MESS-3, (C) W-2, and (D) JSO-2 
treated with Procedures 1-4. LOI – Procedure 1; H2O2 – Procedure 2; HNO3 – Procedure 
3; Non – Procedure 4. 
 
Our data set shows that where LOI content is about 4.5% or higher (e.g., CRM JSO-1 and 
JSO-2) samples require ashing or pre-digestion using H2O2 before total digestion. For LOI 
lower than 4.5% (e.g., CRM W-2), there is no need to remove organic carbon prior to total 
digestion (Fig. 2.6.7), and in fact neither ashing nor H2O2 digestion are recommended for 
samples with low organic carbon content, as these treatments have been shown to 
interfere with grain size analysis (Gray et al., 2010), and see Chapter 3.    
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Figure 2.6.7. REE patterns in (A) low-carbon (W-2) and (B) high-carbon (JSO-2) CRMs 
following pre-digestion with Procedures 1-4. 
 
2.6.3.3 Influence of pre-digestion methods on significant REE ratios in sediments. 
Some trace element ratios are widely used in the literature to identify sediment sources, 
and to explore sediment-water interactions and environmental changes (e.g. (Al-kaabi and 
Gasparon, 2013; Clift and Fitton, 1998; de Oliveira et al., 2007; Landström and Tullborg, 
1990; Scherer and Seitz, 1980). Some of these ratios  (e.g., Nd/Yb; (Lawrence, 2007) are 
known to be partly controlled by organic carbon distribution. 
Our results revealed that, with a few exceptions, the majority of these ratios (Zr/Ho, Zr/Yb, 
U/REE, REE/Th, Zr/Y, REE/Ca, La/Th, Th/U, ∑REE/Zr, and ∑REE/Ba) are not affected by 
pre-digestion procedures. For example, the different pre-digestion procedures yielded the 
same Zr/Ho, Zr/Yb and Zr/Y ratios for the majority of the samples (Figure 2.6.8). The 
decreasing Zr/REE values for increasing organic carbon content reflect the lithogenic 
affinity of Zr and strong biogenic affinity of REEs (REEs are usually bound or absorbed to 
organic carbon (e.g.  (Gruau et al., 2004; Lawrence et al., 2006; McCarthy et al., 1998) 
(Figure 2.6.9), and therefore Zr dilution for increasing content of organic matter (see also 
Figure 2.6.10). 
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Figure 2.6.8. (A) Zr/Y and (B) Zr/Yb ratios following the different pre-digestion procedures; 
LOI – Procedure 1; H2O2 – Procedure 2; HNO3 – Procedure 3. The negative correlation 
with organic carbon content is due to the Zr depletion (and relative REE enrichment) in 
organic matter. 
 
 
Figure 2.6.9. Variability in (A) Zr/Yb and (B) Zr/Ho ratios for a selected range of sediment 
samples, showing the similarities between the different pre-digestion procedures, and the 
negative correlation with organic carbon content. 
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Figure 2.6.10. Relationship between organic carbon content and (A) Zr and (B) REE that 
analysed by LOI – Procedure 1; H2O2 – Procedure 2; HNO3 – Procedure 3 content in a 
selected range of sediment samples. 
 
2.6.3.4 Influence of pre-digestion methods on the REY and trace element 
distribution in plants and shells. 
Despite the significant differences in matrix composition between sediments and biogenic 
samples, the different pre-digestion procedures produced the same consequences 
observed for the sediments. In general, ashing (Procedure 1) yielded the highest REY 
concentrations (Fig. 2.6.11), while procedures 2 and 3 produced either nearly identical 
results (Eucalyptus tereticornis) or different results (Casuarina cristata; see Fig. 2.6.12), 
but the same pattern observed for Procedure 1, with the only exception of Y.  
 
Figure 2.6.11. Patterns of REY in N-1515 CRM (plant sample) after pre-digestion using 
procedures 1-3, LOI – Procedure 1; H2O2 – Procedure 2; HNO3 – Procedure 3. 
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Figure 2.6.12. Patterns of REY in plant samples (A) - Casuarina cristata, and (B) - 
Eucalyptus tereticornis, pre-digested using procedures 1-3. 
 
Shell fragments may not contain organic carbon and their structures are built from CaCO3 
only (aragonite and/or calcite) (e.g. (Dauphin and Denis, 2000; Furuhashi et al., 2009; 
Majewske, 1974). Some studies revealed that shells may contain small proportions of 
organic carbon (Takesue et al., 2008; Waldbusser et al., 2011), however this is found only 
in living organisms and it rapidly decays after burial (Benton, 1993; Benton and Harper, 
2009). Our results show that Procedure 1 (ashing) did not result in any significant weight 
loss, thus confirming the negligible organic carbon content. Similarly, Procedure 2 did not 
cause any significant weight loss. Therefore it was necessary to digest the samples using 
HNO3 after both procedures. This made procedures 1, 2 and 3 virtually equivalent, and 
resulted in virtually identical REY patterns and abundances (Fig. 2.6.13). 
 
Figure 2.6.13. Patterns of REY for shell samples treated by HNO3, LOI followed by HNO3, 
and H2O2 followed by HNO3 
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2.6.4 Conclusions. 
Sediments, plants and shell fragments from the Tinchi Tamba wetlands in southeastern 
Queensland, Australia, were digested using three different pretreatment procedures to 
remove organic carbon. Two common methods, wet oxidation (using HNO3 and H2O2) and 
ashing were used to dissolve organic carbon and study the effects of these pre-digestion 
methods on the distribution and patterns of REE and other environmentally significant 
elements. 
Nitric acid (HNO3) and ashing (LOI) were the most satisfactory methods as they yielded 
the highest element recoveries compared with H2O2 digestion. These two procedures 
should be preferred to the “do nothing” option (sample digestion without previous removal 
of organic matter), especially for materials that have high concentrations of organic 
carbon.  
Although REEs concentrations are influenced by the methods used to remove organic 
carbon, these methods do not affect REE patterns in sediments. REE patterns show a 
more complex behaviour, with different plant species responding in different ways to the 
pre-digestion procedures. Finally, shell fragments could be digested only using HNO3.  
This study demonstrates that geological materials containing significant amounts of 
organic matter must be well characterized before chemical analyses are carried out, as the 
removal of organic matter prior to acid digestion may lead to partial recovery of some 
environmentally significant elements, and possibly to some REE/Y fractionation.  
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Chapter 3 Depositional environments 
 
3. Statistical analysis of sediment grain size to discriminate different 
depositional environments across Moreton Bay, southeast Queensland, 
Australia. 
Modern depositional sedimentary environments can provide baseline data that may be 
useful for determining future environmental scenarios. The impact of regional sea level 
variations in marginal settings remains poorly constrained because of the difficulty in 
finding adequate proxies for reconstructing past environmental change. Marginal 
sedimentary sequences are a promising geological archive of changes in base level. In 
this study, we investigated the ability of grain size parameters to unambiguously match 
different depositional environments across Moreton Bay in Southeast Queensland, 
Australia. Well-tested (mean, sorting, skewness, and kurtosis), as well as less well-known 
statistical parameters (D32 and D43) were considered in this study of 351 sediment samples 
distributed across fluvial, aeolian, and marginal marine depositional environments. The 
results show that QDa-MD diagrams are the most useful bivariate scatterplots to 
discriminate different modern environments in the bay region. Additionally, the moment 
method of parameter calculation appears to be more practical than the graphic method.  
Sorting, skewness, mean and kurtosis appear to be very sensitive to changes in 
depositional environment, while D32 and D43 are two additional parameters that can be 
used to distinguish between fluvial, aeolian, and intertidal-marine depositional 
environments. Multivariate statistical analysis of grain size data such as cluster analysis, 
principal components and principal coordinates confirm the results obtained using the 
other methods. Although QDa-MD is the most valuable bivariate plot, the different 
depositional environments across the Moreton Bay region can be discriminated also by 
plotting mean against sorting, and/or D32 against D43. Finally, these statistical methods 
were applied successfully to detect and characterize changes in past (Quaternary) 
depositional environments in the same areas.  
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3.1 Introduction. 
Empirical analysis of grain size parameters in siliciclastic sediments is relatively easy to 
carry out, and data can be used to recognize provenance, transport history, palaeoclimate, 
change in sea level, and to provide information on the depositional environment’s energy 
and process (Beierle et al., 2002; Boulay et al., 2007; Bravard and Peiry, 1999; Folk, 1966; 
Friedman, 1961; Friedman, 1967; Gyllencreutz et al., 2010; Jiang and Ding, 2010; Mason 
and Folk, 1958; Passega, 1972; Sutherland and LEE, 1994; Tanner, 1991a; Thomas, 
1987; Veerayya and Varadachari, 1975). Although grain size may not universally 
distinguish depositional environments (Solohub and Klovan, 1970), numerous studies 
have shown that these techniques can be applied in the right circumstances (Al-kaabi and 
Gasparon, 2013; Avramidis et al., 2013a; Bartholdy et al., 2007; Lewis et al., 2012; 
Martins, 2003; Matias et al., 2009; McDowell et al., 2013). 
Initially coastal environments seemed to present the best opportunity for environmental 
discrimination by using grain size data obtained from sieving (Duane, 1964; Martins, 1965; 
Mason and Folk, 1958; Shepard et al., 1961). The first successful approaches used the 
four grain size statistical parameters Mean, Standard Deviation, Skewness, and Kurtosis 
that can be estimated from the curve of particle size distribution. One approach that has 
been repeatedly applied is the clustering of these moments in bivariate scattergrams 
(Hoare and Gale, 1991). Skewness has previously been recognized as the most important 
parameter to discriminate different environments in coastal regions, because it is sensitive 
to changes in processes during sedimentation (Chappell, 1967; Friedman, 1979b; Stapor 
and Tanner, 1975), while the other parameters can help confirm the outcomes (Friedman, 
1979a; Kovács, 2008; Lario et al., 2002; Tanner, 1991a). Thus, recognition of sand dune, 
beach, lagoon, littoral zone and tidal inlets, river, channel, fluvial, glacial environments 
using the four parameters mentioned above was successful in many studies (e.g. (Duane, 
1964; Friedman, 1961; Mason and Folk, 1958). In addition, other parameters such as 
median grain size (D50) and quartile deviation (D25+D75)/2 have been applied successfully 
(e.g. (Buller and McManus, 1972; Duck, 1994; McArthur, 1982). Due to the physical 
limitations of the methods employed, these studies ignored the mud fractions which could 
be the major component of some deposits (such as fluvial deposits). It is assumed that 
mean and sorting of grain sizes that are close to 0.5 phi might have substantial errors 
when measured using older techniques (Rogers, 1965). Those methods were not able to 
break down clay aggregates that may be attached to sand particles, or to provide 
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sufficiently accurate data for the calculation of the percentage of clay (Duane, 1964; 
Koldijk, 1968; Sahu, 1964; Smith, 1996). Although it has been noted that fine grain size 
could be important to discriminate deposits, for more than three decades the mud fraction 
was ignored and researches focused on sandy coastal or aeolian deposits (e.g. (Corella et 
al., 2014; O’Flynn et al., 2013; Zhu et al., 2014). Thus, fine fractions were not considered 
in previous studies, and graphic and moments methods were applied for sand fractions 
with the assumption that fine particles do not influence the interpretation of depositional 
environments (Folk, 1966). Recent work, however, has demonstrated that the mud fraction 
is useful to identify changes in environments and palaeoclimate (Vandenberghe, 2013; 
Zhou et al., 2013). and that insufficient sieving times may lead to significant errors in the 
discrimination between beach and dune samples (Roman-Sierra et al., 2013). In summary, 
sieving may produce unreliable results because different sieving times may lead to 
significant variability in the outcomes as well as sieving ignores mud fraction and therefore 
in the discrimination between different depositional environments.  
In recent times, laser analysis has been used more frequently to define the depositional 
features of modern environments. The majority of recent publications on this topic, 
however, have focused on only one depositional environment (e.g. (Costigan et al., 2014; 
de Vet and Cammeraat, 2012; Gómez-Pujol et al., 2013; Li et al., 2013; Nascimento et al., 
2012; Rémillard et al., 2012; Srinivasalu et al., 2008; Williams et al., 2007), e.g., aeolian 
deposits, coastal dunes, or even volcanic ash (see (Andreucci et al., 2010; Cooke et al., In 
Press; Kotwicki et al., In Press; Li et al., 2006; Matthews et al., 2012). Other studies have 
considered two parameters (e.g., mean and sorting) in a variety of applications such as 
geomorphology, sediment transport, ecology, and pollution (e.g. (Avramidis et al., 2013b; 
Carmona and Ruiz, 2009; Carrasco et al., 2011; Cook et al., 2013; O’Flynn et al., 2013; 
Triboit et al., 2010; Vis et al., 2010; Walker and Schlacher, 2011). However, none of the 
existing studies have used grain size parameters to try and establish the depositional 
environment of unknown deposits or have tested the suitability of the proposed 
methodology for a wide range of depositional environments.  
Until recently, Folk and Ward’s (1957) equations based upon sieving have been widely 
used to calculate grain size parameters, and this method is still popular among 
researchers (Avramidis et al., 2013b; Hipondoka et al., 2014; Oyedotun et al., 2013). 
Recent literature has shown significant differences between parameters calculated using 
the conventional dry sieving method and those obtained from laser diffraction (Blott and 
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Pye, 2006; Rodríguez and Uriarte, 2009). These studies, however, did not fully discuss the 
suitability of the different methods for different depositional environments. Therefore it 
remains to be established whether the discrimination parameters calculated using the 
sieving equations and the traditional bivariate diagrams used to distinguish different 
deposits can be applied to laser sizer data to discriminate depositional environments. 
The first goal of this study is to test if the parameters calculated using Folk and Ward’s 
approach (graphical method) and the moment method derived from laser particle grain 
size analysis are able to discriminate between different modern sedimentary environments 
across Moreton Bay, Southeast Queensland. This will include a review of the effectiveness 
of existing parameters, and new methods and their potential application to different 
environments. This review is necessary because recent literature has highlighted 
substantial differences between sieving and laser data, and the analysis of subtle 
differences in grain size distributions among different depositional environments. 
Once a clear and unique relationship has been established between certain grain size 
parameters and modern sedimentary environments, these parameters will be used to infer 
the past, unknown depositional environments in the same study sites, and to reconstruct 
their temporal changes during the Holocene. This will be achieved using well-established 
granulometric parameters, as well as newly-developed grain size statistic diagrams. The 
differences between results obtained considering all grain size fractions, and those 
obtained using only the > 63 micron fraction will be evaluated and discussed.  
 
3.2 Materials and methods. 
    3.2.1 Geological setting. 
Moreton Bay is an important marine embayment, with a number of different sub-
environments within it that range from marine to estuarine. It is located in south east 
Queensland, Australia and reaches about 80 Km north-south and approximately 35 km in 
width. The bay is bounded by four islands, North and South Stradbroke, Bribie, and 
Moreton, which form a barrier between the Pacific Ocean and the bay (Cox and Preda, 
2005). In general, coastal deposits in this region are Holocene in age, though late 
Pleistocene sand deposits and Tertiary laterites are exposed in some areas (Grimes, 
1986). Many factors have influenced these deposits such as sea level fluctuation, change 
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in wave energy and the ratio of erosion to deposition, particularly in the coastal area at the 
northern end of the bay (Preda and Cox, 2002). Fluvial and marine Quaternary deposits 
occupy the topographically low areas along creek beds and near the shoreline (Cox et al., 
2000). Undifferentiated Holocene sediments, such as sand, silt, clay, and gravel forming 
estuaries and coastal flood plains, were deposited following a sea level rise approximately 
6,500 years B.P, followed by a fall to its present position after ~3,000 years (Lester et al., 
2000). Studies that incorporate data from many areas of eastern Australia indicate a sea 
level rise of about 1.5 m and a highstand lasting between ~7500 and ~2000 years BP 
(Lewis et al., 2008; Sloss et al., 2007), possibly with two short fluctuations in sea level of 
about +1m during that time (Lewis et al., 2008). Thus, changes in sea level across this 
region during the Holocene are still debated (e.g. (Lewis et al., 2013), and in consequence 
there is still a need to develop detailed local sea level records for densely populated areas 
such as south east Queensland.  Details of the regional sea level curve in the east coast of 
Australia are still uncertain, particularly in Moreton Bay.  
Geomorphological features suggest the influence of marine deposition across the 
Pumicestone region during the Holocene (Lang et al., 1998), confirmed by optically 
stimulated luminescence (OSL) dating near Beachmere (Brooke et al., 2008). Thus, the 
Quaternary sediments in the north of the Bay are thought to be supplied from two sources: 
1) continental sediments transported by creeks, and derived from weathering of the oldest 
rocks cropping out in this area (Lower Jurassic Landsborough sandstones), and 2) marine 
sediments transported through the Pumicestone passage (see (Grimes, 1986; Lee et al., 
2002). According to Grimes (1986) the coastal area across Moreton Bay is mostly sandy, 
and deposits along the Beachmere coast were covered by a sand sheet from the mid-late 
Holocene (Brooke et al., 2008), except in the muddier estuary areas situated near rivers. 
For example, the Tinchi Tamba wetlands located at the mouth of the Pine River contain a 
sequence of up to 18 m of Quaternary estuarine sediments, and comprising fluvial 
deposits with gravel and sand grading into silt and clay, locally known as the Strathpine 
deposits (Hofmann, 1980).   
The sand islands such as North Stradbroke Island are dominated by unconsolidated, 
Quaternary sands deposited as large parabolic dune sequences with minor perched lake 
sediments rich in organic matter. Paleozoic deposits are known to occur at the base of 
this island (Laycock, 1978), however they do not appear in the vicinity of our study areas, 
Myora springs and Brown Lake. The area around Brown Lake is covered with Quaternary 
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quartz sands, while both mud and Holocene sands have been observed at Myora 
Springs (Grimes, 1986).  
For the purposes of this study we will characterize three broad types of depositional 
environment: fluvial, intertidal, and aeolian. Although this is a very crude classification, it 
will nevertheless allow us to track major environmental changes across the Bay as well 
as temporally. 
 
3.2.2 Sampling sites. 
An extensive survey was carried out to identify sites that represent different modern 
depositional environments. Five sites were selected at Beerburrum, Beachmere, 
Burpengary, Tinchi Tamba wetlands and North Stradbroke Island (Figure 3.1). The 
Beerburrum site is located between the state Forest and Pumicestone Passage, while the 
Beachmere and Burpengary sites are located in the north of the bay near the Caboolture 
River. The Tinchi Tamba wetlands are in the centre of this region, adjacent to the Pine 
River, whereas North Stradbroke Island (NSI) forms the eastern boundary of the bay 
(Figure 3.1). 
 
Figure 3.1. Map of Moreton Bay region showing the location of the study sites. 
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A vibracorer and aluminium pipes (80 mm diameter) were used to collect twenty-seven 
sediment cores from these sites. At each site cores were collected in different points and 
at different elevations (AHD) to cover a range of different sedimentary environments. The 
main features of each site are outlined below. 
 
3.2.2.1 Beerburrum forest. 
Six cores were collected from the Beerburrum site (Bb1, Bb2, Bb3, Bb4, Bb5, and Bb6) 
(Figure 3.1A). The cores extend to depths of between 0.5 and 2.68 m. Core Bb5 was 
collected within the forestry area approximately 1.2 km from the closest water body which 
is Glass Mountain Creek, and the top layer is the Quaternary deposit that covered the 
Landsborough sandstones. The Landsborough sandstone is of fluviatile origin and 
underlines the coastal plain in the Pumicestone area (Cranfield, 1984; Ezzy and Cox, 
2003; MacKellar, 1993). However, recent planting of pine forests may have caused some 
disturbance. Core Bb5 is only 1.05 m long and is dominated by medium to fine sand. 
Variations in sediment colour were noted down core (yellow, orange to grey in this area). 
Further penetration was not possible because a shallow layer of weathered rock, which 
belongs to the Landsborough sandstone (Cox et al., 2000), was encountered. Cores Bb6 
and Bb3 (1.20 and 2.70 m depths) were taken approximately 14 and 30 m from a creek to 
the north of this site and Glass Mountain Creek, respectively, and near Pumicestone 
Passage. Sediments deposited at the surface of both cores are influenced by tides from 
the creeks and the passage. Core Bb3 shows vertical variability from medium sand to mud 
- clay at every ~ 35 cm throughout the sequence, which may reflect variability of sediment 
sources. Core Bb2 (depth 2.65 m) is located about 15 meters from the shore, and is 
therefore likely to be influenced by marine flooding events. In contrast, cores Bb1 and Bb4 
were 0.65 and 0.50 m deep, respectively, and were collected further inland. Further 
penetration was not possible at these sites because the hard weathered surface was 
encountered after ~0.6 m. 
 
3.2.2.2 Beachmere coastal area.  
Three cores (Br1, Br2, and Br3) were collected from the Beachmere area (Figure 3.1D). 
Core Br1 was taken from a sand dune (Brooke et al., 2010; Lee et al., 2002) about 5.5 m 
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from the shore, and shows change in colour with depth, and a medium sand composition. 
Core Br3 was taken 84 m from the shore. Fine, light colour (creamy) sand dominates the 
top 1.5 m, but shells and a mud layer were found at a depth of around 2.50 m, with sand 
appearing again up to the final depth of 3.19 m. Core Br2 was taken ~480 m from the 
shore. The upper part of the core is dominated by fluvial sediments, however the core 
contains different sand and mud layers, some with shell fragments (at 1.80 m), with 
another sandy mud layer at 1.90 m. Although core Br1 is close to the shore, it is not 
affected by normal marine tides due to its high elevation above sea level. In contrast, core 
Br3 is located in a sand dune between the shore and a lagoon, with small creeks in this 
area adding some complexity to its depositional environment. 
 
3.2.2.3 Burpengary estuary. 
Five cores (BG1, BG2, BG3, BG4, and BG5) were taken from the area north of Deception 
Bay (Figure 3.1B), west of the Caboolture River, and east of Burpengary Creek. Core BG5 
was collected very close to the mouth of the Caboolture River and the shore (within 5 m). 
This site is affected by a small tidal creek, as evidenced by its coarse grain size with a 
layer of shell-rich mud at 2.00 - 2.20 m (bottom of the core). Core BG1 is 1.50 m deep, and 
located approximately 380 m to the west of BG5, in a wetland area frequently inundated by 
the Caboolture River. Core BG2 is 1.74 m deep and was taken~1m from Burpengary 
Creek. Core BG3 is 1.36 m deep and was taken about 800 m to the north of BG1, while 
BG4 is 1.5 m deep and was taken 1.5 Km to the west from BG1 and close to another bend 
of the creek.  
 
3.2.2.4 North Stradbroke Island. 
Three cores (BM1, BM2, and BM3) were selected between Myora Springs and Myora 
Conservation Park in the west of North Stradbroke Island (NSI) (Figure 3.1F), and two 
cores (BM4 and BM5) were taken 40 m to the west and 200 m to the south of Brown Lake 
(Figure 3.1E), respectively. The depositional environment of these sites is completely 
different from those observed in the other sites on the mainland. The depths of these cores 
range from 1.96 to 2.64 m, and further penetration was impossible due to water saturation 
below such depths. Apart from layers of “coffee rock” (local term used to describe a 
relatively impermeable dark sandy sediment rich in decomposed organic matter), which 
can be found at some sites such BM3 and BM4 at depths between 200 – 250 cm, and 
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organic soils at the top of all the cores, these sites are dominated by very fine sand which 
varies in colour and moisture content. 
 
3.2.2.5 Tinchi Tamba wetlands. 
Eight cores were taken from the wetlands area located between the mouths of Pine River 
and Bald Hills Creek in Bramble Bay, the central region of Moreton Bay (Figure 3.1C). 
Cores MW1 and MW7 were collected about 200 m from the Pine River, while cores MW5 
and MW6 were taken 750 and 700 m from the river, respectively, and over 300 m inland of 
the area affected by tidal inundation. Core MW8 was taken half way between the river and 
the creek. Cores MW3, MW4 and MW8 were taken along a short traverse at 14 m, 30 m 
and 220 m from the creek, respectively. The depths of these cores ranged from 2.30 m for 
MW5 to 4.80 m for WM6. Penetration stopped at the contact with a weathered and 
consolidated sediment surface. All the cores are dominated by mud, however frequent 
layers of sand were observed at different depths.  
The modern depositional environments at each core site are listed in Table 3.1. These 
environments have been defined as fluvial, intertidal and aeolian based on local 
morphology and geography (elevation above sea level, distance from the shoreline and 
local water course, vegetation distribution, tidal range, flooding history), as well as 
geological evidence (Grimes, 1986; Hofmann, 1977; Malcolm et al., 2006; O'Flynn, 1986) 
and other existing literature (e.g., (Brooke et al., 2008; Cox et al., 2000; Hofmann, 1980; 
Laycock, 1978; Lee et al., 2002). 
Table 3.1. Modern depositional environments of the core sites considered in this study. 
Sites Cores 
Modern Depositional Environment 
Fluvial Coastal-Beach Aeolian 
Tinchi Tamba All ×   
Burpengary 
BG1, BG2 and BG5  ×  
BG3 and BG4 ×   
Beachmere 
Br1 and Br3   × 
Br2 ×   
Beerburrum 
Bb2, Bb3 and Bb6  ×  
Bb1, Bb4, and Bb5 ×   
North Stradbroke Island All   × 
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3.2.3 Analytical methods. 
After logging, samples of the cores were taken at different intervals using changes in 
lithology, bedding, and colour as the main criteria. Where changes in lithology were not 
obvious, the cores were sampled every 10 cm (Tinchi Tamba) or 35 cm (other sites). In 
total, 351 samples were taken for this study.  
Samples were initially sieved with a -1Φ (2 mm) sieve to remove large grains and organic 
detritus. Organic matter can be removed by treatment with cold H2O2 (Beierle et al., 2002; 
Duck, 1994; Siiro et al., 2005) or by heating to about 550 
oC (Loss on ignition). We 
compared both approaches in this study on the samples from the top layers of the Tinchi 
Tamba and Beerburrum sites, which where the most enriched in organic matter. It was 
found that LOI treatment tends to increase average grain size by causing adhesion of 
particles together as aggregates, and this was verified by using an optical microscope. In 
contrast, hydrogen peroxide treatment increased the relative content of the finer fraction 
compared with untreated samples. H2O2 seems to affect the curve of distribution by 
increasing the relative proportion of small particles (reduction of mean grain size) (Figure 
3.2). For example, H2O2 leads to a reduction of the mean grain size from 0.045 mm to 
0.013 mm, which is a relatively small difference, while LOI increased this mean to 0.2mm. 
Such effects have been noticed before (Allen and Thornley, 2004; Forde et al., 2012; Gray 
et al., 2010; Vaasma, 2008). In our study, due to the overall relatively low total proportion 
of organic matter content (less than 3% in general), grain size analyses were carried out 
without any pre-treatment.      
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Figure 3.2. Examples of the differences in grain size distribution after treatment with H2O2 
and heating (LOI). 
 
Five grams of sediment were taken from each sample and homogenized by mixing the 
whole amount. Sodium hexametaphosphate (calgon) was added to disperse clay particles. 
This suspension was then mixed with 800ml of water and analysed by laser diffraction light 
scattering sizer (Malvern 2000) in the School of Chemical Engineering at The University of 
Queensland. Samples were prepared by sonication for one minute to prevent clay 
cohesion with other particles. The Malvern instrument was chosen because it has 
sufficient accuracy for this study, as well as being able to measure particle size between 
0.03 and 2188 microns (82 interval sizes) with very high precision and accuracy (Blott and 
Pye, 2006). The procedure recommended by Sperazza et al. (2004) was followed to 
account for the assumed sphericity of clay particles (Buurman et al., 2001; Konert and 
Vandenberghe, 1997; Ramaswamy and Rao, 2006).  
  
3.2.4 Statistical studies. 
Two approaches were used in this study to calculate granulometric parameters: the 
commonly applied graphical method based on Folk and Ward’s equations (Table 3.2), and 
the moments method (Krumbein and Pettijohn, 1938). Both of these methods were 
calculated using the GRADISTAT (a macro for Microsoft Excel) (Blott and Pye, 2001). 
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Data is presented as (μm) rather than log-transformed into Phi because there are 
problems associated with manipulating the data this way (see Gale and Hoare, 1991). 
Table 3.2. Formulae used for the calculation of grain size parameters by the graphic 
method (Folk and Ward, 1957) and the moments method (Blott and Pye, 2001). 
 
The use of the moments method has been recommended over the graphic method in 
many studies (e.g. (Koldijk, 1968; Swan et al., 1978; Tanner, 1991b) because the 
moments method tends to be more sensitive over larger ranges of grain size (Swan et al., 
1978). Thus, this method may be more accurate and useful for data collected using the 
Malvern laser sizer due to its wider range and smaller interval size (82 intervals) compared 
with other methods.   
Values for D10, D20, D50, D80, D90, D [3, 2] surface weighted, D [4, 3] volume weighted 
mean, and sample mode are automatically provided by the Malvern software (Mastersizer 
2000) (see (Rawle, 2003). Thus, D [3, 2] and D [4, 3] are adding other statistic parameters 
that will be integrated with common grain size parameters to discriminate different 
depositional environments across Moreton Bay region. 
Many grain size parameters can be used to plot bivariate diagrams for the purpose of 
discriminating depositional environments. To determine the most useful approach for 
Moreton Bay we first plotted surface samples with known current depositional 
environments to establish which method is the most appropriate to empirically distinguish 
between different depositional environments. Once the best method was established, the 
second step was to apply this method to the analysis of the older, unknown samples to 
identify their depositional environments and thusto detect any temporal trends and 
changes at each site. The interpretations of each set or parameters were integrated and 
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combined with current understanding of the geology of Moreton Bay to reconstruct the 
local and regional changes in depositional environments during the period sampled by the 
cores. 
 
3.3 Results and Discussion. 
    3.3.1 Comparison between results obtained on the sand fraction only and all the 
fractions (clay, silt, and sand). 
Although fine grain size fractions are known to be very sensitive to different depositional 
environments (Swan et al., 1979; Tanner, 1991b), most previous works on grain size 
statistic parameters have been carried out considering just the sand fraction (63-2000 μm), 
with some researchers recommending that more subtle differences in depositional 
environments can be detected using only the sand fraction (Davis, 1970; Folk, 1966; 
Friedman, 1961). In high energy coastal areas, where sand dominates, there may be no 
significant differences between the two methods. In contrast, classifications based only on 
the sand fraction may not be sufficiently accurate in fluvial, and/or different environments 
such as deltaic and estuarine deposits, due to the significantly higher proportion of fine-
grained sediments. It is therefore important to determine if there are any differences in the 
statistics calculated using all fractions or only sand. 
Table 3.3 shows the t-test for statistical parameters calculated using the moments method 
for the two types of fractions of the top sediments at all sites. Table 3.3 shows some 
significant differences, especially in the fluvial sites. This is not surprising because fluvial 
systems typically have larger amounts of clay and silt compared with a beach. Therefore 
the interpretation of the depositional environment may be incorrect if only the sand-size 
fraction is considered, and all size fractions will be included in this study.  
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Table 3.3. T-test for all size fractions against sand fraction only for bay sediments (moment 
method). Significant differences are highlighted in gray. 
Site Mean Sorting Skewness Kurtosis 
Beerburrum 0.0022 0.0637 0.0001 0.0492 
Burpengary 0.0044 0.1937 5.394E-05 0.0053 
Beachmere 5.171E-05 0.0171 2.590E-05 7.298E-05 
Tinchi Tamba 0.4767 7.628E-07 9.89E-37 0.3752 
NSI 4.311E-06 2.328E-05 5.917E-06 0.0002 
      
3.3.2 Parameters and Multivariate statistical diagrams. 
3.3.2.1 QDa-MD diagram. 
QDa-MD diagram - quartile deviation (D25+D75)/2 (sorting coefficient; see (Happ et al., 
1940) against Median (D50) of particle size distribution curve. In previous literature, this 
diagram has been used for continental environment deposits such as fluvial deposits (see 
e.g. (Hoare and Gale, 1991; McArthur, 1982; Royse, 1968), and also to discriminate 
different environments (Buller and McManus, 1972).  
When applied to our samples, this diagram is unable to discriminate between depositional 
environments, with an overlap between intertidal “marine” and aeolian sediments. Such 
overlap may be due to the morphodynamics of sand leading to the same mean grain size 
for these two environments (Anthony and Héquette, 2007), or may be caused by other 
processes during and after deposition (Rao et al., 2005). While GRADISTAT calculates 
only the D10, D50 and D90 percentiles, the Mastersizer 2000 provides D10, D20, D50, D80 and 
D90 percentiles, and this makes it possible to establish the medians (D50). The average of 
only D10 and D90 or quartile deviation (D25+D75)/2 revealed some clusters in different 
deposits, however the average “quartile” can be calculated using four points 
(D10+D20+D80+D90), to represent the particle size curve more accurately than what could 
be achieved using only two points as in previous studies. Additionally, whilst different 
depositional environments plot in overlapping  fields using the logarithmic scale originally 
proposed by(Buller and McManus, 1972) (Figure 3.3), the use of a normal scale shows 
clear discrimination of the different environments.  
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Figure 3.3. QDa-MD diagram for the modern Moreton Bay catchments sediments plotted 
on logarithmic scales and showing overlap between aeolian and intertidal sediments. 
When the normal scale is used with the QDa parameter (Figure 3.4) different trends 
become visible, with three main environments (Figure 3.4): 1) aeolian sand dunes (North 
Stradbroke Island and some cores from Beachmere, 2) intertidal deposits from 
Burpengary, and 3) fluvial deposits in the other sites. Aeolian deposits have a high 
Pearson product-moment correlation between the QDa and MD (R2≈ 0.82) and plot within 
a small and well-defined field that is clearly separated from the fluvial deposits. Intertidal 
deposits are characterized by lower correlation (0.65) and wider scatter compared with 
aeolian deposits.  
 
Figure 3.4. QDa-MD diagram for the modern Moreton Bay catchments sediments plotted 
on normal scales and showing a clear distinction between the three depositional 
environments. 
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Both the QDa-Skewness (graphic method) (Buller and McManus, 1972) (log scale or 
normal scale) and the skewness (moment) methods were considered in this study, 
however neither of them could resolve the different depositional environments as clearly 
as the QDa-MD method. 
 
3.3.2.2 Sauter mean (D32). 
Another granulometric parameter that was tested in this study is the D [3, 2] surface 
weighted (Sauter) mean diameter or D32. It has never been used before as a statistic 
parameter to discriminate depositional environments. It is defined as proportional to the 
ratio of volume to surface area of a particle (Filippa et al., 2011), and may be a function of 
the energy needed  to transport different particles (Ousmane et al., 2011). Thus, it may be 
sensitive to different depositional environments.  
The plot of D [3, 2] against any of the four parameters used in the Folk and Ward method 
(e.g. the mean in Figure 3.5) shows a fairly good separation among the three depositional 
environments (fluvial, aeolian, and intertidal). The most sensitive parameters coupled with 
D32 were Mean, Sorting, Skewness, and Kurtosis. 
 
Figure 3.5. Plot of D [3, 2] against Mean for modern bay sediments. 
 
Kurtosis produces a greater discrimination than skewness when plotted against D32, if 
calculated using the moment method. However both methods (Skewness vs. D32 and 
Kurtosis vs. D32) do show distinct groupings for the three distinct environments.  
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The general conclusion that can be drawn from the D [3, 2] and the QDa-MD diagrams is 
that both seem to be effective in discriminating the three different depositional 
environments. A clear boundary can be placed at ~25 μm from D [3, 2] between aeolian 
and estuarine deposits. In addition, the Sauter mean highlights a separate group with a 
stronger continental signature for samples collected at some distance from water bodies.   
 
3.3.2.3 De Broncker mean (D43). 
The D [4, 3] volume weighted mean, D43, or De Broncker mean diameter was also 
considered for the first time in this study to discriminate different types of deposits. D43 has 
been found to be an important parameter because grain size distribution by laser 
diffraction is calculated based on volume (Rawle, 2002). This parameter shows different 
rates of sedimentation under different conditions (Sceni and Wagner, 2010; Wu et al., 
2009) and may be influenced by energy (Durbha and Aravamudan, 2012). D [4, 3] does 
not produce clearly distinct clusters when plotted against sorting (Figure 3.6), skewness 
and kurtosis calculated by both methods. This may reflect different energy levels within 
each depositional environment. When plotted against the mean grain size from the graphic 
method, however, D [4, 3] shows exactly the same distribution visible in the QDa-MD 
diagram.  
 
 
Figure 3.6. Diagram of sorting against D [4, 3] for modern bay sediments. 
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The plot of D [3, 2] against D [4, 3] (Figure 3.7), which was also tested for the first time in 
this study, shows the same distribution highlighted by the other parameters, with a strong 
correlation among intertidal sediments (R2 about 0.8), and a weak correlation for aeolian 
deposits (R2 approximately 0.2).   
 
 
Figure 3.7. Diagram of D [3, 2] against D [4, 3] for modern bay sediments. 
 
3.3.2.4 Multivariate statistical analysis. 
Multivariate statistical analysis can discriminate different types of deposits (Donato et al., 
2009), and was used in this study to assign a depositional environment to unknown 
samples, based on the data and information gathered for the modern sediments. Some 
examples of multivariate statistical analysis are shown in Figures 3.8 and 3.9. In the study 
area, the cluster analysis (Paired group and Ward’s method) (Figure 3.8), (Var-covar PCA 
scatter diagram) (Figure 3.9A), and the principal coordinates “PCO” scatter diagram (Bray 
Curtis, Euclidean, and Morisita) (Figure 3.9B), show significant discrimination between 
different environments that had been recognised in the QDa-MD diagram. 
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Figure 3.8. Cluster analysis showing the three different depositional environments in the 
Moreton Bay region. 
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Figure 3.9. (A) PCA scatter diagram (Var-covar) showing the three different depositional 
environments. Fields in the PCO scatter diagram (Euclidean) (3.9B) define the same 
clusters observed in 3.9A. 
 
3.3.2.5 The four moments. 
The four moments (Mean, Standard deviation, Skewness, and Kurtosis) have been 
extensively used in various forms in the literature to discriminate depositional 
environments, and have been described as the most appropriate method to identify 
sedimentary features (Friedman, 1962; Moiola and Weiser, 1968), and to discriminate 
different deposits (Martins, 2003; Mycielska-Dowgiałło and Ludwikowska-Kędzia, 2011; 
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Veerayya and Varadachari, 1975). Moreover, a single parameter can be a high-quality 
indicator for changes in depositional environments (e.g., kurtosis may detect different 
wave energy; see (Tanner, 1992)).  
When applied to samples from this study, all these parameters (defined based on Folk and 
Ward (1957) equations) are unable to discriminate the three different depositional 
environments. When plotted against the mean (Figure 3.10), sorting is the only parameter 
that clearly shows the three different environments, and is particularly effective in 
discriminating fluvial and intertidal deposits. 
 
Figure 3.10. Diagram of mean against sorting (graphic method) for modern bay sediments. 
 
Sorting and mean can discriminate the deposits of North Stradbroke Island (and some of 
the Beachmere samples) from those of Burpengary, Beerburrum, and the Tinchi Tamba 
wetlands.  
Skewness has been applied to the interpretation of ancient and modern “environments of 
unconsolidated and diagenetically unaffected sediments” (Duane, 1964; Siiro et al., 2005; 
Valia and Cameron, 1977). Although some researchers believe that skewness is the most 
environmentally sensitive parameter (Duane, 1964; Greenwood, 1969; Stapor and Tanner, 
1975), in our study it was the second most sensitive parameter after sorting in the graphic 
method, and after mean in the moment method. It would be difficult, however, to 
discriminate depositional environment by using only skewness against the other moments.  
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3.3.2.6 Discriminant function. 
Discriminant function is another multivariate statistical method used to distinguish different 
depositional environments based on the linear relationship between their grain size 
parameters such as mean, sorting, skewness, and kurtosis. A number of linear 
discriminant functions (LDF) were established to discriminate between two different 
environments such as river and beach or beach and dune (Greenwood, 1969; Sahu, 1964; 
Sevon, 1966). The equations defined in the literature produced different overlaps between 
fluvial, intertidal and aeolian deposits from Moreton Bay sites. These overlaps cast some 
doubt on the ability of this method to discriminate different deposits (Hamilton, 2007; 
Simms et al., 2006). The overlaps, however, may also be due to the use of all grain size 
fractions and different instruments for grain size analysis, while the LDF in previous 
studies was based only on the sand fraction (Sevon, 1966). 
Linear discriminant functions based on grain size parameters of modern (known) samples 
in this study could distinguish between different environments. For example, a significant 
discrimination was found between fluvial and intertidal deposits (equation 1). 
F (fluvial-intertidal) = 0.0165*M + 0.0134*S + 0.0039*SK + 0.0288*K              (1) 
where M is mean, S is sorting, SK is skewness, and K is kurtosis. 
Based on this equation, F was 0.3 - 1.2 for fluvial deposits, and 2.5 – 6 for intertidal 
deposits.  
The three types of deposits considered in this study (fluvial, intertidal and aeolian) could 
also be successful discriminated using equation 2: 
  F = 2.3622 - 0.0037*M - 0.1881*S + 0.6344*SK + 0.1590*K                      (2) 
where F ranged between -0.3 and 0.5 in aeolian sediments, 0.8 - 1.10 in intertidal 
deposits, and 1.2 - 1.6 in fluvial deposits.  
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   3.3.3 Difference between graphic and moments methods. 
A comparison between data obtained using (Folk and Ward, 1957)’s method with data 
from the moments method (using t-test) (Table 3.4) shows that when all grain sizes are 
considered (clay, silt and sand) kurtosis shows significant variability at some sites, while 
other moments (mean, sorting, skewness) show little variability. This observation confirms 
(Li and Du, 2008; Swan et al., 1979; Wyrwoll and Smyth, 1985) findings that kurtosis has 
the widest range when compared with two other different methods for the calculation of 
grain size parameters. In contrast, the sand-only fraction shows significant variability in 
skewness for sites located in the northern part of the Moreton Bay catchment. Variability in 
skewness therefore suggests that the full range of grain size should be used to calculate 
this parameter for any sample (Chappell, 1967). However, differences in skewness and 
kurtosis noticed between the graphic and moment methods could be due to uncertainties 
in the graphical method (see (Koldijk, 1968; Swan et al., 1978; Tanner, 1991b; Wyrwoll 
and Smyth, 1985). 
Table 3.4. T-test for Folk and Ward’s equations compared with the moment method 
equations. 
The Sites 
All size fractions Sand fraction only 
Skewness Kurtosis Skewness Kurtosis 
Beerburrum 2.91E-06 0.025 0.066 8.47E-07 
Burpengary 5.39E-05 1.50E-06 0.091 2.57E-15 
Beachmere 2.7E-08 0.318 0.011 0.001 
Tinchi Tamba 1.09E-20 0.139 7.05E-07 0.0001 
NSI 7.46E-08 0.341 9.82E-08 7.758E-22 
 
Our analysis of different methods for the definition of depositional environments revealed 
that in general the numerical methods are more effective than the graphical methods, at 
least for the sites considered in this study. Nevertheless, graphic and moment methods 
were used for different grain size parameters in this study to test their ability to 
discriminate different depositional environments by using different bivariate diagrams. As 
an example for the plot of the mean against sorting, both the graphic and the moment 
methods achieved good (G) discrimination, without any overlap, for the deposits 
considered in this study. In contrast, many samples from different deposits overlapped in 
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the plot of skewness against sorting when the graphic method was used, while the 
moment method gave good results. A summary of the different combinations of 
parameters and their effectiveness (expressed in a qualitative scale from “good” to “poor”) 
is listed in Table 3.5. 
Table 3.5. Summary of combinations of statistical grain size parameters for the definition 
of different depositional environments in the Moreton Bay region. 
 
Sorting Skewness Kurtosis D [3,2] D [4,3] Mode Quartile 
Mean G – G* P – G P – P S - G G - N S - P G - N 
Sorting 
 
N - P S - N S - G G - G N - N G - N 
Skewness 
  
P - P P - P P - G P - N N - N 
Kurtosis 
   
S - S P - S N - N N - N 
D [3,2] 
    
G N S 
D [4,3] 
     
N N 
Mode 
      
P 
G:  good environmental discriminators      S:  Can sometimes be used as environmental discriminators 
P:  Poor environmental discriminators        N:  Not environmental discriminators 
*The two indicators for the grain size parameters refer to the graphic method and the moment method, 
respectively. 
 
Thus, the QDa-MD combination was by far the most effective, and will be the main set of 
parameters used to identify ancient depositional environments in the second part of this 
study, while other parameters will also be considered as an independent check and to 
further refine our interpretations.  
 
   3.3.4 Classification of particle size curves. 
In addition to bivariate plots, some other classification parameters have been tested and 
have revealed interesting features. For example, some samples from North Stradbroke 
Island and Beachmere that were classified as aeolian have a unimodal grain size 
distribution, but some samples from other sites also have unimodal distribution. Thus, a 
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unimodal curve may indicate an environment characterized by strong currents (e.g., a high 
energy site such as a beach (Muzuka and Shaghude, 2000), where particles have been 
transported for a long distance by wind or waves, while bimodal distributions may be more 
characteristic of fluvial environments.  
The width of particle size distribution, based on (d90/d10) as defined by Merkus (2009), has 
also been applied in this study for the first time to distinguish depositional environments. 
Laser sizer measurements provide width of curve distribution as span (d90 – d10)/d50, and 
this parameter seems to yield better resolution than (d90/d10). It shows that aeolian 
deposits such as those from NSI and some of the Beachmere sites have medium to 
narrow width compared with other sites which have broad to very broad width distribution. 
Moreover, aeolian deposits from North Stradbroke Island have the narrowest “Monosize” 
width of curves compared with continental deposits from Tinchi Tamba, while samples 
from Beerburrum and Burpengary have the broadest size distribution (Table 3.6).   
Table 3.6. Classification of particle size distribution (PSD) curves for Moreton Bay 
sediments. 
 Site PSD , d(90)/d(10) Span 
Beerburrum Very broad Medium to very broad 
Beachmere Medium/ broad/very broad  Monosize to broad 
Burpengary Very broad Medium to very broad 
Tinchi Tamba Very broad Medium to very broad 
NSI Medium/ very broad  Monosize to medium 
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Consequently, it is no surprise that each depositional environment in this study was 
reflected by a unique pattern of particle size cumulative curves (Figure 3.11). 
 
 
 
Figure 3.11. Particle size cumulative curves for different deposits across Moreton Bay 
catchments. 
 
 
  3.3.5 Past depositional environments of Moreton Bay. 
The grain size statistical parameters discussed in the previous section have been applied 
to the sediments below the surface to detect and reconstruct temporal changes in 
depositional environments. When coupled with precise geochronological data, this 
approach allows paleoenvironmental reconstructions (e.g. (Lario et al., 2002), and possibly 
even temporal information on sea level fluctuations, even where other environmental 
indicators (e.g., fixed benthic fossils, isotopic evidence) may not be available or may 
provide conflicting evidence.  
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In the following sections, all samples (except the surface layer) from all cores will be 
assigned to a depositional environment based on the criteria and parameters defined and 
discussed earlier for the modern sediments. 
 
3.3.5.1 Beerburrum forest. 
This site contains three main types of deposits (Figure 3.12). 
 
Figure 3.12. Distribution of Beerburrum depositional environments based on grain size 
data. Examples of the QDa-MD diagram and the four parameters. In Figure A, QDa-MD 
reflects three different depositional environments in Beerburrum. In Figure B, Kurtosis 
against Mean is consistent with the distribution observed in Figure A. 
 
The whole depth of cores Bb1 and Bb3, and the first layers (10 cm) of cores Bb4 and Bb6 
cluster within the fluvial field in these figures. This is consistent with the location of these 
sites in the vicinity of creeks. The predominant grain size in these layers is silt with some 
sand. All the samples are moderately sorted except the top 10 cm of Bb4, which may have 
been affected by surface weathering (as suggested by the presence of red iron pebbles), 
and which is poorly sorted, with fine to coarse skewness. Fluvial deposits composed of silt 
transferred in suspension are known to be moderately sorted and positively “fine” skewed 
(Friedman, 1979b; Hoare and Gale, 1991; Martins, 2003; Mycielska-Dowgiałło and 
Ludwikowska-Kędzia, 2011; Singarasubramanian et al., 2006). In addition, the poorly 
sorted sediments from Bb4 and the top layer of Bb3 have bimodal curves, while the others 
are trimodal, and the layers below 130 cm in Bb3 are polymodal.  Another indication of 
their fluvial environment is the broad to very broad width of the particle size curve based 
on (Merkus, 2009) classification. 
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Bimodal curves have been described in previous studies as indicators of fluvial 
environments (Ashley, 1978; Lu et al., 2001; Siiro et al., 2005; Smith, 1996; Sun et al., 
2002), while polymodal curves have been ascribed to different types of continental 
environments  (e.g., (Bagnold and Barndorff-Nielsen, 1980; Dias and Neal, 1990; Sun et 
al., 2002). The interpretation of the trimodal curves noticed in Bb1, Bb3 (40 - 80 cm) and 
Bb4 (surface) is more problematic and has not been assigned to a specific environment in 
previous studies. It may reflect aeolian deposition from fluvial origin or mixing of aeolian 
and intertidal deposits (e.g. (An et al., 2012; Murty et al., 2007). However, Sun et al., 2002 
noted this type of distribution for reworked Landsbourgh sandstone sediments in an area 
very close to Bb1, Bb3 and Bb4. 
Core Bb5 and the rest of Bb4 and Bb6 plot in a “mixed” environment influenced by both 
intertidal and fluvial deposits (Figure 3.12). Core Bb5 was taken in a plantation forest from 
older fluvial deposits which may have been reworked by forestry activities. For this reason, 
the top layer was not considered for the characterization of the modern depositional 
environment. The main features of these layers are very coarse skewness, compared with 
fluvial deposits, poor sorting, bimodal distribution, medium width of curves, and 
predominantly sand particles.  
In contrast, layers from core Bb2 can be described as very poorly to extremely poorly 
sorted, unimodal, having medium width of particle distribution, and dominated by sand 
(about 90%) with some clay. According to Lavoie et al. (2008), the same characteristics 
can be found in an estuarine environment. Therefore it appears that these intertidal 
sediments derive principally from the Pumicestone Passage, except the top 10 cm and a 
layer at ~150 cm which may be affected by runoff from the western and topographically 
higher part of the site. The marine influence in this core is also indicated by kurtosis (very 
to extremely leptokurtic, which is typical of beach-marine environments; see e.g. (Dora et 
al., 2011; Falls and Textoris, 1972; Fujino et al., 2010; Rao et al., 2005; Tanner, 1991a). 
Moderate to poor sorting and unimodal distribution are the main features of beach 
environments (Chappell, 1967; Duane, 1964; Hoare and Gale, 1991). The negative 
skewness that dominates intertidal deposits in this study is usually caused by high energy 
supplied from the ocean in a beach setting (Awasthi, 1970; De Falco et al., 2003; Dora et 
al., 2011; Friedman, 1961; Grzelak et al., 2009; Hails and Hoyt, 1969; Plomaritis et al., 
2008; Román and Achab, 1999), while sorting may be affected by differences in supply 
sources or the energy of the tidal environment (Allen, 1971; Siiro et al., 2005). Transport of 
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sediments in high energy media leads to a decrease in sorting and more negatively 
skewness (Ernstsen et al., 2005; McLaren, 1981; McLaren and Bowles, 1985), while low 
energy can cause positive skewness (McLaren and Bowles, 1985). 
In summary, the area between Beerburrum Forestry and Pumicestone Passage is 
characterized by two main sediment sources: fluvial sediments transported by creeks and 
derived from the erosion of older fluvial deposits (Landsborough sandstones), and 
intertidal (beach) deposits in the coastal areas. These environments are consistent with 
the modern settings.  
 
3.3.5.2 Beachmere area.  
Three different environments could be identified in these sites (Figure 3.13). 
 
Figure 3.13. Distribution of Beachmere depositional environments based on grain size 
data. Example for the QDa-MD diagram. 
 
Cores Br1 and Br3 (except at depths between 150 and 300 cm) fall within the aeolian 
environment on the QDa-MD diagram. Unimodal distribution dominates most layers, with 
narrow unimodal curves, poor to moderate sorting, fine skewness, and predominant sand 
content. Fine skewness can be caused by increasing wave action or current from the 
ocean (Chang et al., 2007; Li et al., 2006; Solai et al., 2013). 
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  A fluvial environment, however, dominates Br2 and Br3 at 85 and 120 cm, consistent with 
bimodal distribution, medium to broad width, very poor to poor sorting, symmetric grain 
size distribution, and sandy silt content. 
An intertidal environment can be detected between about 2-3 m depth in Br3 and 130 and 
187 cm in Br2. The marine influence is confirmed by the presence of marine mud rich in 
shell fragments (Figure 3.14), and typical of coastal environments across Moreton Bay 
(Brooke et al., 2010; Lee et al., 2002). In addition, cluster analysis for core Br3 is 
consistent with a tidal marine influence at a depth of ~2.30-2.7 m (Figure 3.15).  
 
 
Figure 3.14. Log of core Br3, showing the layer rich in marine mud and some significant 
grain size parameters. 
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Figure 3.15. Cluster analysis of Br3 showing a depositional environment distribution 
consistent with grain size analyses. 
 
  3.3.5.3 Burpengary estuary.  
This site contains two types of deposits: fluvial and intertidal (Figure 3.16). 
 
Figure 3.16. Grain size analysis of the Burpengary estuarine deposits. Examples for QDa-
MD (A) and mean vs. sorting (B). 
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The fluvial environments appear in the top layer (0 - 15 cm) of BG1, at 0-60 cm in BG2, 0 -
45 cm in BG5, all layers in BG4, and almost all layers in BG3, except at 30 cm. These 
deposits are poorly sorted, with fine to symmetric skewness, bimodal, trimodal and 
polymodal distribution, broad to very broad width of curves, and are dominated by silt and 
clay.  
The remaining sediment layers have a stronger intertidal influence and are dominated by 
sand, very poorly sorted, unimodal and in some layers bimodal, and have medium width 
curves, and very fine skewness.     
As for the other sites, these observations are consistent with the location of these sites at 
variable distance from creeks or the shore.  
 
3.3.5.4 North Stradbroke Island (Brown Lake and Myora springs). 
All samples fall within the field of aeolian environment (Figure 3.17). 
 
Figure 3.17. Distribution of North Stradbroke Island depositional environments, showing 
the predominance of aeolian deposits. 
 
The fine sand content is approximately 100% in all the samples, which are very to 
extremely poorly sorted, and have coarse to very coarse skewness and the narrowest 
unimodal distribution, which may be indicative of the energy of the depositional 
environment rather than of its type, as shown earlier in this study. Coarse skewness has 
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been found to be a general feature for sand dunes across the world (Ahlbrandt, 1979; 
Gillmore et al., 2009), and coarse skewness and poor sorting dominate in high energy 
sediment transport such as tsunami (Ilayaraja and Krishnamurthy, 2010; Kovács, 2008; 
Vandenberghe, 2013). 
The grain size distribution in the NSI cores is typical of the coastal sand dune environment 
described for the large Moreton Bay islands (Laycock, 1978; Maxwell, 1970) and also 
observed in the Beachmere cores.  
 
  3.3.5.5 Tinchi Tamba Wetlands. 
The dominant depositional environment across all cores in the Tinchi Tamba wetlands is 
fluvial (Figure 3.18), but with a stronger intertidal influence in some layers of some cores 
(1.73 - 1.93 m in WM-3; 0.85- 1.10 m in MW6; 2.80, and 3.20 - 3.30 m in MW7; and some 
layers between 1.25 and 2.80 m in MW8).  
 
Figure 3.18. Distribution of depositional environments in the Tinchi Tamba wetlands, 
based on QDa-MD. The distribution of modern intertidal, aeolian and fluvial environments 
is also shown for comparison. 
 
The dominant fluvial environment is confirmed by other statistical parameters such as 
mean size against standard deviation (Figure 3.19), which have been used to compare 
river and beach sediments (Martins, 2003; Moiola and Weiser, 1968). 
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Figure 3.19. Distribution of depositional environments in the Tinchi Tamba wetlands, 
based on mean vs. sorting. While most samples are clearly of fluvial origin, a strong 
intertidal influence can be inferred for some layers across all cores. 
 
3.3.6 Implications for palaeoclimatic reconstructions. 
The bivariate diagrams based on grain size statistical parameters discussed in this study 
(especially the QDa-MD and the four moments) can discriminate different modern 
depositional environments and have been used effectively to constrain past depositional 
environments across Moreton Bay. The approach of using grain size parameters in 
assessing changes in Holocene palaeoclimate and sea level has become increasingly 
frequent in recent years (Gyllencreutz et al., 2010; Huang et al., 2011; Lario et al., 2002), 
especially where other palaeoclimatic indicators are either missing from the sedimentary 
record or inconclusive. A marine influence has been detected in some layers across the 
study sites, and this has implications for the reconstruction of sea level changes during the 
Holocene.  
Intertidal environments alternate with fluvial deposits in Beerburrum and Burpengary at 
different depths. However, the intertidal influence is stronger at depths of ~1 m in BG1, 
BG2 and BG5, and at 1.4 and 1.9 m in BG1 and BG5, respectively. Beachmere and Tinchi 
Tamba also show a strong intertidal influence at depths between 2 and 3 m, while fluvial 
and aeolian environments are dominant at other depths.  
The intertidal environments inferred in our cores are potentially consistent with a sea level 
rise of about 1.5 m in the mid-Holocene (Lewis et al., 2008; Sloss et al., 2007). However, 
further analyses and 14C dating are required to test the validity of this hypothesis.  
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3.4 Conclusions. 
Grain size statistics were applied to modern sediments of Moreton Bay catchments in 
southeast Queensland, Australia, to test their ability to discriminate different fluvial, 
intertidal, and aeolian depositional environments. A number of statistical parameters, both 
conventional and used for the first time in this study, were tested in a range of bivariate 
diagrams. The QDa-MD diagram was the most effective to discriminate the Moreton Bay 
depositional environments, particularly when the normal scale was used (instead of the 
conventional logarithmic scale), and when the four points (d10+d20+d80+d90) were used to 
calculate QDa instead of the normal quartiles. Among the four classic grain size 
parameters, sorting and skewness are sensitive to environmental changes, while kurtosis 
seems to be a good indicator only in high energy environments. Skewness and kurtosis 
results can be significantly affected by the analytical methods and the equations used to 
derive the parameters. Our study confirms that the graphical method could lead to 
significant errors because it does not involve all grain size data. Thus, the numerical 
method is recommended. 
D32 and D43 are two new parameters that have been demonstrated in this study to be good 
indicators of changes in depositional environments. Multivariate analysis was also used 
successfully to discriminate different depositional environments, and its results were 
consistent with those obtained using the other methods. Grain size distribution curves 
could discriminate intertidal and aeolian (unimodal distribution) from fluvial environments 
(bimodal distribution). Aeolian sediments have the narrowest width distribution (based on 
Merkus’ classification of width of particle size distribution), while sediments deposited in 
fluvial environments have the broadest width.  
Past depositional environments were inferred from the analysis of the sediments below the 
surface. Aeolian deposits (sand dunes) were found in NSI and in two of the Beachmere 
cores. Fluvial deposits were predominant in the Tinchi Tamba wetlands, Burpengary and 
Beerburrum sites, however, intertidal deposits were also found in all sites excluding NSI. 
The presence of intertidal deposits at all sites is consistent with current models for 
Holocene sea level fluctuations in Moreton Bay, however further analyses are required  to 
constrain the age of these deposits.  
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Chapter 4 Environmental geochemistry 
4. Rare earth elements and yttrium (REY) as geochemical tracers of 
different depositional environments 
Geochemical characterization of different sediment may assist with the reconstruction of 
environmental changes responsible for the formation of a given sequence of sediments. 
Numerous of studies have established that rare earth element distributions and patterns 
are inherited from the sediment source. Therefore, rare earth elements + yttrium (REY) 
may be used to discriminate different Holocene depositional environments in the Moreton 
Bay region.  
Fluvial mud-rich sediments of Moreton Bay contain the highest amounts of REY, and their 
REY patterns show no significant fractionation and positive Eu anomalies. Slightly convex 
to almost flat REY patterns are observed for mud fractions increasing to ~80-90%. In 
contrast, aeolian deposits, which are made of approximately 100% sand, have the lowest 
REY concentrations and their patterns are enriched in HREE due to the presence of heavy 
minerals such as zircon. A unique REY pattern with LREE enrichment was detected in 
Burpengary site within intertidal-marine deposits. 
The slight fractionation between LREE/HREE and MREE/HREE in fluvial deposits of 
Tinchi Tamba, Beerburrum and some of the Burpengary sites are controlled by organic 
carbon and grain size fractions. HREE enrichment in some Burpengary cores is related to 
changes in clay-size fractions. The linear relationships among LREE, MREE, and HREE in 
fluvial deposits are very strong, reflecting no significant REY fractionation. In contrast, 
intertidal-marine sediments show some degree of LREE/MREE fractionation, and aeolian 
deposits are the most MREE/HREE fractionated.  
Plagioclase distribution in muddy sediments largely controls Eu anomalies, and the 
smallest Eu anomalies correspond with the disappearance of kaolinite. Mineralogy alone, 
however, cannot explain the negative Eu anomalies in aeolian deposits and even in some 
fluvial samples.  
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Our dataset suggests that REY concentrations, patterns, and Eu anomalies are mainly 
controlled by grain size distribution, although mineral composition and organic carbon 
content control some REY characteristics including some of the fractionation trends.  
Geochemical parameters such as REY, REE fractionations, organic carbon distribution, 
Eu, and Y anomalies, and Fe, Mn, and other major elements show distinctive features in 
fluvial and aeolian deposits, while the characteristics of intertidal deposits partly overlap 
with those of fluvial deposits.  
Although REY are inherited from the source rocks, their abundances and patterns seem to 
be controlled by depositional processes (e.g. mineral fractionation during transport and 
sorting of weathered sediments) and also organic matter. Thus, the different REY 
concentrations and patterns could be used to fingerprint different depositional 
environments. Therefore, this study confirms that REEs are a powerful geochemical 
indicator of depositional environments even in a complex and dynamic setting such as a 
tidal estuary. 
 
4.1 Introduction.  
The shallow aquifers of Moreton Bay in south east Queensland are important water 
resources for the local ecosystem (Cox et al., 1996). The classical assumption made by 
hydrologists is that aquifers are vertically and horizontally homogeneous (e.g. (Anderson, 
1989; Eaton, 2006; Langevin et al., 2005; Maloszewski and Zuber, 1993; North and 
Prosser, 1993; Xin et al., 2013) although in reality most  aquifers, and certainly coastal 
aquifers show a high degree of variability in both hydraulic  parameters and chemical 
features (Anderson et al., 1999; Fogg et al., 1998; Gabeva et al., 2004), and can be 
extremely heterogeneous even on a small scale (centimetre to metre) (Jankowski and 
Beck, 2000; Schad and Teutsch, 1995). In geologically and geographically complex areas 
such as Moreton Bay the accuracy of a heterogeneous aquifer model depends on “sample 
density and the spatial variability of lithological or hydrochemical properties” (Raiber et al., 
2012), and the chemistry of shallow groundwaters is known to be controlled by variability 
in lithology (Ezzy et al., 2002; Hodgkinson et al., 2007; Hodgkinson et al., 2008) and 
sediment distribution (see Chapter 3).  
156 
 
In such complex environments, traditional hydrogeological parameters such as major 
elements (cations and anions) typically are not sufficient to uniquely characterise the 
different aquifers (Baudron et al., 2013; Chadha, 1999; D'amore et al., 1983; Daughney et 
al., 2011; Gassama et al., 2012; Güler et al., 2002; O'Shea and Jankowski, 2006; Raiber et 
al., 2012). Oxygen and hydrogen isotopes have also been used extensively, but their 
interpretation is often controlled by seasonally variable evaporation, precipitation and 
percolation rates (Dutton et al., 2005; Tang and Feng, 2001; Zimmermann et al., 1968). 
Hence new tracers, such as REY, may need to be explored to uniquely identify different 
aquifer lithologies, and the geochemical characteristics of the waters stored in the different 
aquifers. 
The fourteen rare earth elements have been used in many studies as a cohesive group to 
identify sediment sources (e.g. (Johannesson, 2005; McLennan, 1989; Taylor and 
McLennan, 1988; White, 2005). Rare earth elements can be described in terms of their 
fractionation patterns among light-REE (LREE), middle-REE (MREE) and heavy-REE 
(HREE) (Tyler, 2004). LREE usually include La, Ce, Pr, Nd, Sm and (Eu), while HREE 
include Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu (Andersson et al., 2006; Greaves et al., 1991; 
Nance and Taylor, 1976; Stille et al., 2006). The MREE is a less well-defined group, as it 
can include Nd, Sm, Eu, and Gd (Sholkovitz, 1995; Sholkovitz et al., 1992), Eu, Gd, Tb, 
and Dy (Haley et al., 2004; Yan et al., 1999), or Sm, Eu, Gd, Tb and Dy (Grandjean-
Lécuyer et al., 1993; Hannigan and Sholkovitz, 2001; Johannesson et al., 2004; 
Sholkovitz, 1993). Another way to assess REE distribution is by considering rations 
between elements of different groups, e.g., Pr/Yb, Sm/La or La/Lu (Basu et al., 1982; 
Corkeron et al., 2012; Davranche et al., 2011; Duddy, 1980; Elderfield and Sholkovitz, 
1987; Goldstein and Jacobsen, 1988; Leybourne and Johannesson, 2008; Morelli et al., 
2012). Yttrium’s ionic radius is similar to that of Ho, and Y is chemically similar to the REE 
group (Bau and Dulski, 1995; Eby, 1975; White, 2005). Therefore, Y is often included in 
the REE group (REY) in geochemical investigations (e.g. (Bau et al., 1997; Censi et al., 
2007; Jupiter, 2008; Lawrence et al., 2006; Leybourne and Johannesson, 2008; Möller et 
al., 2003; Saiano and Scalenghe, 2009). 
The possibility of using REE concentrations, fractionations, patterns, and/or the anomalous 
behaviour of some REEs to identify the sources of sediments and water in geologically 
complex environments has been explored in a number of studies (Aide and Smith-Aide, 
2003; Al-kaabi and Gasparon, 2013; Deasy and Quinton, 2010; Duncan and Shaw, 2003; 
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Möller et al., 2000; Munksgaard et al., 2003; Ojiambo et al., 2003; Polyakov and Nearing, 
2004; Tang et al., 2013; Tweed et al., 2006; Ziernger et al., 2013); however this is the first 
application of this geochemical tracer to the Moreton Bay region. 
The goal of this study is to test the use of rare earth elements and yttrium (REY) to identify 
different types of recent estuarine bay sediments and depositional environments. This 
information will be used in a future study to establish if ground waters of different aquifers 
have a distinctive REY geochemistry, and whether this is inherited from the aquifer 
lithologies or controlled by other factors. 
 
4.2 Sampling and analysis. 
A number of sediment cores (33) were taken from six sites across the Moreton Bay region. 
These sites, Beerburrum forest, Beachmere coastal area, Burpengary estuary, Tinchi 
Tamba wetlands reserve, and Myora Springs and Brown Lake on North Stradbroke Island 
(NSI), are located in different parts of the bay. Deposits at these sites have different 
sources and have been variably affected by human impact. A vibracorer was used to 
extract 30 of these cores. The other three cores were obtained using a hand auger. All 
cores have a diameter of 80 mm, however their length varied depending on the maximum 
depth of penetration of the coring device.  
After splitting longitudinally into two sections, the cores were described in terms of their 
main sedimentological features. Subsamples were collected at different depth intervals 
corresponding with the main lithologies. In total, 264 subsamples were taken following the 
procedure recommended by (Loring and Rantala, 1992). Details of the sites’ features, 
sampling methods and sedimentological characteristics of each core can be found in 
Chapter 2, 3 and Appendix I. 
 
4.2.1 Mineralogical and sedimentological analyses. 
Mineral compositions of the 23 selected cores were established using Hylogger scans at 
the Geological Survey of Queensland (GSQ). The HyLogger method matches reflectance 
spectroscopy patterns with high-resolution imagery to identify sets of minerals and their 
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relative abundances. In addition, 94 samples were analysed by X-ray diffraction (XRD) in 
the Centre for Microscopy and Microanalysis of The University of Queensland. Hylogging 
and XRD techniques were used together to identify any possible change in mineral 
assemblages down-core and across the different sites.  
A small number of samples (6) from Tinchi Tamba were scanned by SEM and EDS to 
further constrain their depositional environments and to independently validate the XRD 
data. 
Grain size fractions were analysed by laser diffraction light scattering (Malvern 2000) in the 
School of Chemical Engineering at The University of Queensland. Grain size parameters 
were used to discriminate different depositional environments across Moreton Bayas 
described in Chapter 3. 
 
4.2.2 Geochemical analyses. 
All sediment samples were dried in an oven at 105 °C for approximately 12 hours, then 
ignited at 550 °C for 4 hours, and then at 950 °C for 2 hours to estimate their residual 
moisture, organic and inorganic carbon content, respectively (Chapter 2). Although no 
single equation can provide accurate values of organic carbon from LOI at 550 °C 
(Chapter 2), organic carbon (OC) was estimated to be approximately half of the LOI at 
550 °C, and inorganic carbon (IC) was calculated by multiplying LOI at 950 °C by 0.273 
(Dean, 1974; Dean, 1999; Santisteban et al., 2004). The removal of organic matter 
before analysis minimized matrix interferences (Liang et al., 2005), and the method 
applied in this study was selected to minimize impact on geochemical results (Chapter 2). 
Sediment samples were digested on a hotplate (Appendix IV), in the School of Earth 
Sciences at The University of Queensland. Large particles (˃ 2mm) were removed using 
plastic tweezers, and then the samples were homogenized and crushed in an agate. After 
removal of organic matter (as described in Chapter 2), 100 mg of sample was weighted 
accurately into acid-washed Teflon vessels and digested using a mixture of ultra-pure 
HNO3, HF and HCl. A number of certified standard reference materials (W-2, AGV-2, 
MESS-3, JSO-1, and JSO-2) were used as quality control. In addition, procedural blanks 
and replicates were prepared in each batch to monitor contamination and reproducibility in 
the sample preparation. The samples were analysed for major, trace, and rare earth 
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elements using inductively coupled plasma optical emission spectrometry (ICP-OES) and 
inductively coupled plasma mass spectrometry (ICP-MS). REY and other trace elements 
were analysed using a Thermo Electron X-7 Series ICP-MS while major elements were 
determined using a Perkin-Elmer Optima 8300 ICP-OES. 
 
4.3 Results. 
   4.3.1 REY in Tinchi Tamba wetlands. 
The REY patterns appear to be relatively similar in the different cores (MW1- MW8) and at 
different depths within each core (Fig. 4.1), with depleted LREE and positive Eu anomalies 
across all samples, and negative Y anomalies in some samples.  
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Figure 4.1. REY patterns for different cores in the Tinchi Tamba Wetlands. MW1-8 are the 
different cores (see Chapter 2 for locations), and the sample numbers refer to depth (in 
cm) within each core. PAAS values are from (Taylor and McLennan, 1985). 
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LREE/HREE fractionation in MW1 shows consistent slight depletion in LREE (La/Lu = 0.78 
- 0.67), with the exception of depth 146 cm (La/Lu = 0.39). This depth also shows the 
highest Eu anomaly (1.78), and the lowest Ce/Eu and Ce/Y values. The Eu anomaly is 
calculated in this study using the equation Eu/Eu*= Eu(n)/ (McLennan, 
1989). The Ce anomaly is calculated as Ce/Ce*= 2Cen/(Lan+Prn) (De Baar et al., 1985).       
La/Gd fractionation in this core shows some correlation with organic carbon content (Fig. 
4.2). 
 
Figure 4.2. Relationship between LREE/MREE fractionation and organic carbon content in 
MW1. 
 
Cores MW2 and MW5 are also fractionated in terms of their LREE/MREE (La/Lu = 0.60 -
0.89 and 0.60 - 0.74, respectively), while in MW8 La/Lu values range from 0.55 to 0.89. 
Similar to core MW1, the extent of fractionation is negatively correlated with organic 
carbon content (OC). In contrast, core MW3 showed a positive correlation, with La/ Lu 
~0.56 for OC<1.5%, and ~0.7 for OC>1.5%. Mud size content was also correlated with 
LREE/MREE ratios in some cores, however this correlation was positive in MW2 and 
MW4, and negative in MW3 and MW6 (e.g., Fig. 4.3A-B). 
Mud content, Al and Fe concentrations match REY patterns in cores MW1, MW2 and 
MW6. In MW7 and MW8 changes in REY concentrations mimic changes in organic carbon 
and Al, Fe, as well as mud content. 
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Figure 4.3. Relationships between mud content and LREE/MREE in (A) MW4 and (B) 
MW6. 
 
Positive Eu anomalies were distributed in many layers and ranged from 1.06 to 1.78, 
however these anomalies became negative at some depth in some of the cores (e.g., 
MW5 at depths between 150 and 185 cm).  
The general REY patterns in Tinchi Tamba were slightly convex to almost flat when mud 
size fractions increased to 80-90%. Depths between 200 and 248 cm in MW1, between 
210 and 240 cm in MW2, and at 220 cm in MW5 are those containing the highest 
percentages of mud-size sediments. 
Mud content and Al concentrations were correlated with negative Eu anomalies (e.g., Fig. 
4.4).  
 
Figure 4.4. Correlation between mud fraction and Eu anomalies in MW1. 
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Yttrium anomalies relative to Ho, ranged from slightly positive (146 to 248 cm in MW1) to 
negative (16 to 270 cm in MW3). Mud or clay fractions were weakly correlated with this 
anomaly in some cores, however the MW3 interval with the lowest mud size content (31% 
at 193 cm) did not show any anomaly, while negative to slightly negative Y/Ho anomalies 
were observed in MW2 where the clay content was less than 15% (20, 150 and 190 cm).  
Y/Ho and Y/REY values had exactly the same distribution as a function of core depth (e.g., 
core MW1 in Fig.4.5). 
 
 
Figure 4.5. Variations in (A) Y/Ho and (B) Y/ REY values as a function of depth in MW1. 
 
Mud content displays the same trend as Y/REE and the opposite trend of Eu anomalies 
(see Fig. 4.6). Y/REY values decreased for increasing clay size (MW4; Fig. 4.7) and 
organic carbon (MW2; Fig. 4.8) content.  
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Figure 4.6. Distribution of (A) Y/REE, (B) mud fraction and (C) Eu anomalies at different 
depths in MW2. 
 
 
 
Figure 4.7. Correlation between Y/REY and clay size content in MW4. 
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Figure 4.8. Correlation between Y/REY and organic carbon content in MW2. 
 
A slightly negative Ce anomaly was noticed at some depths (e.g., 0.87 - 0.96 in MW1 
between 45 cm and 167 cm). The largest negative Ce anomaly (0.93) in MW3 was found 
at 193 cm, and this layer has been identified as deposited in a period of sea level rise 
during the Holocene (see Chapter3). Ce anomalies change from negative to positive in 
MW4 (negative at 50, 80 and 200 cm, and positive at 160 and 240 cm). A positive Ce 
anomaly was also noticed in the first 10 cm of MW5. Core MW6 was characterized by 
slightly negative to neutral Ce anomalies (Ce*= 0.87 - 0.98), with the largest anomaly 
found at a depth 100 cm, also interpreted as deposited following a period of sea level rise 
(see Chapter 3). The same pattern could be observed in MW7, where the largest negative 
Ce anomalies at 103 and 275 cm also correspond to sediment deposited below sea level. 
A slightly negative Ce anomaly at depths 100 - 140, 172, 220, 260 - 325 cm in MW8 may 
also be related to a marine environment (see Chapter 3). 
In general, Ce anomalies in MW1, MW2, MW4, MW7 and MW8 mimic organic carbon and 
mud content trends, suggesting a correlation between these parameters (e.g. Figures 4.9 
and 4.10A-D). For example, Ce/Ce* ranged from ~0.92 in samples with organic carbon 
~1%, but increased to around unity (0.98-1.04) for 2 - 4% organic carbon. 
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Figure 4.9. Trends of Ce anomalies and organic carbon content as a function of depth in 
MW1 (A and B), MW4 (C and D), and MW7 (E and F). 
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Figure 4.10. Relationships between Ce anomalies and (A) organic carbon in MW1, (B) 
organic carbon in MW6, (C) mud fraction in MW1 and (D) mud fraction in MW6. 
 
  4.3.2 REY in Beerburrum forest.  
Almost concave REY patterns and depletion in MREE with positive Eu anomalies are the 
main characteristics of core Bb1 (15 and 55 cm; Fig. 4.11).The core however was too 
short to detect any down-core trends. As in Tinchi Tamba, Ce and Eu anomalies appear to 
be correlated with organic carbon content and mud-size fraction, respectively. 
 
Figure 4.11. REY patterns of core Bb1. 
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In core Bb2, an enrichment in HREE and a negative Eu anomaly at 60 and 260 cm (La/Lu 
= 0.44 - 0.54 respectively) (Fig. 4.12) may have been inherited from the Mt Beerburrum 
trachyte (Lawrence et al., 2006). La/Lu ratios in this core increased to 0.90 at a depth of 
200 cm, and then decreased again (La/Lu = 0.68) at 229 cm.  
 
 
Figure 4.12. REY patterns for core Bb2 at different depths. 
 
REY distribution in Bb2 was consistent with Al, Fe, organic carbon, inorganic carbon, 
moisture, and mud content (Fig. 4.13). 
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Figure 4.13. Distribution of REY and other geochemical parameters as a function of depth 
in core Bb2. (A) REE and REY; (B) Fe%; (C) Al% and organic carbon %; (D) inorganic 
carbon; (E) water content %; and (F) mud content %.  
 
The majority of REY patterns at depths 80 to 250 cm in Bb3 were almost similar to the 
common pattern from Tinchi Tamba wetlands, while the pattern at 15 cm was convex with 
a large positive Eu anomaly and a negative Y anomaly. These features are no longer 
visible at 45 cm, where the mud fraction has increased (Fig. 4.14). The Eu anomaly 
disappears at 25 cm in Bb4 with increased mud fraction to 77% (Fig. 4.14). The REY 
patterns in Bb4 are enriched in HREE (Lu/La = 1.73 - 1.91). Increasing Lu/La was constant 
with decreasing clay content in samples. Core Bb5 shows large negative Eu anomalies 
(0.50 - 0.47) at depths between 20 and 35 cm. These anomalies were found in sediments 
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that contain less than 5% of clay (mud less than 25%), but not in the deeper sediments 
containing about 40% mud (Fig. 4.14). As mentioned earlier, these large Eu anomalies are 
restricted to samples with low clay/mud fractions, and may be inherited from the Mt 
Beerburrum trachyte ((Cohen, 2003) in (Lawrence et al., 2006)). Mud function was 
correlated with LREE (La/Lu = 0.44 - 0.56 at 80 and 100 cm) and mimic the increase in Ce 
anomalies in this core. REY patterns at 80 and 100 cm resemble those of core Bb4. 
Positive Eu anomalies were observed in Bb6 (Fig. 4.14), and there is a striking similarity 
between the REY patterns in Bb6 (20 cm), Tinchi Tamba, Bb2 (20 cm) and Bb3 (15 cm). In 
fact, this pattern and the negative Y anomaly seem to be common in fluvial deposits 
across Moreton Bay. In core Bb6, LREE are depleted at 60 cm (La/Lu = 0.61, and similar 
to Bb4 at 45 cm) and enriched at 90 cm (La/Lu = 1.46, and similar to Bb1).  
 
Figure 4.14. REY patterns for different depths in Bb3, Bb4, Bb5 and Bb6. 
 
REY concentration in Bb3 show positive correlation with organic carbon (R2=0.93), and 
organic carbon is negatively correlated with LREE/MREE (Fig. 4.15A) and positively 
correlated with Ce anomalies (Fig. 4.15B).  
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Figure 4.15. Relationships between organic carbon content and (A) MREE, and (B) Ce 
anomalies in Bb3. 
 
  4.3.3 REY in Beachmere coastal sites. 
Core Br1 showed positive Eu anomalies (1.17 - 1.43) negatively correlated with mud 
content (R2=0.997), and variable degrees of LREE/HREE fractionation at different depths 
(La/Lu = 3.74 - 0.22) (Fig. 4.16). REY patterns in core Br2 were also dominated by positive 
Eu anomalies and HREE enrichment (La/Lu between 0.88 and 0.57) (Fig. 4.16). Br3 also 
showed positive Eu anomalies (except at 10 cm) but only moderate LREE/HREE 
fractionation (La/Lu = 0.68- 1.12) (Fig. 4.16). REY patterns in Br2 and Br3 were virtually 
identical. REY patterns at the top of Br4 were similar to those of the first layer of Br3 (10 - 
50 cm, almost flat with no significant anomalies), while the bottom of the core at 70 - 125 
cm showed slightly concave patterns (Fig. 4.16). Both negative and positive anomalies 
(Fig. 4.16), and variable LREE/HREE fractionation (La/Lu = 0.76 - 1.01) were found in Br5. 
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Figure 4.16. REY patterns for different depths within cores Br1 - Br5. 
 
The same REY patterns were found across the different cores at different depths. For 
example, the pattern at 70 cm in Br5 is the same found at the same depth in Br4; the Br5 
patterns at 110 and 135 cm are the same found at 10 cm in Br3; and the Br5 pattern at 
150 cm mimics the100 cm pattern in Br3. 
Down-core REY abundances correlated with organic carbon content in Br2 and Br3 (Fig. 
4.17). REY PAAS-normalized values showed a strong linear relationship (R2=0.85) with 
organic carbon content in Br2 (Fig. 4.18). In Br3, REY down-core trends matched those of 
Eu anomalies, Al, Fe and mud content (Fig. 4.19).  
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Figure 4.17. Distribution of REY and organic carbon as a function of depth in cores Br2 
and Br3. (A) REE and REY in Br2; (B) organic carbon % in Br2; (C) REE and REY in Br3; 
and (D) organic carbon % in Br3. 
 
 
Figure 4.18. Relationship between organic carbon content and PAAS-normalized REY 
values in Br2. 
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Figure 4.19. Distribution of REY, Al, Fe, Eu anomalies and mud content as a function of 
depth in core Br3. (A) REE and REY; (B) Al% and Fe%; (C) Mud content %; and (D) Eu 
anomalies. 
 
  4.3.4 REY in Burpengary estuary. 
The REY patterns in BG1, BG2, BG4, and BG5 (Fig. 4.20) are similar to those described 
for the Tinchi Tamba wetlands. These patterns can be collectively described as slightly 
convex, with positive Eu anomalies, and very small LREE/HREE fractionation. However, 
patterns become enriched in LREE (La/Lu =2.56 - 3.23) with large negative Eu anomalies 
(0.57 - 0.68) at depths of 100 cm in BG1, 97 and 145 cm in BG2, 52 cm in BG5 and 
between 90 and 150 cm in BG6, where intertidal deposits were identified (Chapter 3). 
The main feature of BG3 REY patterns is the large LREE depletion relative to HREE 
(Lu/La = 1.70 - 2.55) (Fig. 4.20C). Core BG4 also showed enrichment in HREE at 10 - 70 
cm (Lu/La = 1.25 - 1.61) and 92 and 110 cm (Lu/La = 2.33 - 2.35). This enrichment 
correlated positively with clay-size content. While, the bottom of BG3 and the top of BG4 
showed REY patterns similar to those dominated in Tinchi Tamba wetlands. The same 
REY patterns were found across the different cores at different depths (similar REY 
patterns in the top layer of BG1, BG2, BG4 and BG5, and in the bottom layers of BG3). 
Negative Eu anomalies were the main feature of BG6 (Fig. 4.20). A large depletion in 
LREE was detected at 30 cm (La/Lu = 0.26), while the other layers were enriched in LREE 
(La/Lu = 1.13 - 1.82). 
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Figure 4.20. REY patterns for different sediment cores from the Burpengary estuary. 
 
The significant LREE/HREE fractionation in sediment cores from the Burpengary sites may 
be related to changes in grain size (Fig. 4.21A-B). For example, the enrichment in HREE 
at 35 cm in BG5 (Lu/La = 1.70) coincides with the highest mud content (~23%), while a 
decrease in clay-size content at 52 and 100 cm is associated with a relative increase in 
LREE  (La/Lu = 1.67 - 1.22). Down-core HREE/MREE trends match those of organic 
carbon content (Fig. 4.22).  
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Figure 4.21. LREE/HREE fractionation against (A) mud content in BG1 and (B) clay 
content in BG3. 
 
Figure 4.22. Trends of (A) HREE/MREE and (B) organic carbon content as a function of 
depth in core BG3. 
 
Eu anomalies and REY abundances were also correlated to changes in grain size (see 
e.g., Fig. 4.23A and B for cores BG1 and BG3 respectively, and Fig. 4.24 for cores BG1 
and BG5).  
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Figure 4.23. Relationship between Eu anomalies and (A) mud content in BG1, and (B) clay 
content in BG3. 
 
 
Figure 4.24. Distributions of REY and mud content in BG1 (A-B) and BG5 (C-D). 
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  4.3.5 REY in North Stradbroke Island. 
Negative Eu anomalies, slightly positive Y anomalies and LREE ˂ HREE (Lu/La ratios 
ranging from 2.0 to 12.5) are the main characteristics of NSI sediments (Figure 4.25). 
 
 
Figure 4.25. REY patterns for cores BM1, BM5, BM6 and BM7. 
 
Some layers in BM2, BM3 and BM4, however, showed different REY patterns (Fig. 4.26). 
Organic carbon and mud content seem to be the main parameters controlling REY 
patterns in these layers (Fig. 4.27). For examples, in BM2 an increase in organic carbon 
content from 0.2 to 4.3% and mud fraction from 7.5 to 53.5% was accompanied by a 
decrease in Lu/La values from 4.9 to 1.31 (Fig. 4.27). 
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Figure 4.26. REY patterns for different depths in cores BM2, BM3, BM4 and BM8. 
 
 
Figure 4.27. Distributions of REY fractionations, organic carbon, and mud content as a 
function of depth in core BM4. (A) LREE/HREE and MREE/HREE fractionations; (B) 
organic carbon %; and (C) mud content %. 
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4.4 Discussion. 
  4.4.1 Differences in REY concentrations and their relation to depositional 
environments. 
The different patterns and REY concentrations observed across Moreton Bay may be used 
as a geochemical tool to characterize the different depositional environments identified in 
Chapter 3 using sedimentological features.  
Coarse siliciclastic sediments typically have lower trace element concentrations compared 
with fine sediments (e.g., (Cullers et al., 1987; Munksgaard et al., 2003; Nyakairu and 
Koeberl, 2002; Tam and Wong, 2000)), and grain size seems to be the main factor 
influencing REY concentrations across the different Moreton Bay environments.  
Aeolian deposits from NSI have the lowest REY concentrations compared with fluvial and 
intertidal deposits from the other sites (Fig. 4.28), consistent with their high sand content 
(over 90%, compared with less than 70% for the other environments), and with the high 
quartz content in the Aeolian sands. Thus, the REY dilution effect caused by the presence 
of varying amounts of quartz in the different samples is the main reason for the range in 
REY contents observed in the different samples and depositional environments across 
Moreton Bay. 
 
Figure 4.28. Average of REY concentration for different depositional environments across 
Moreton Bay catchments. 
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  4.4.2 Europium anomalies. 
Europium anomalies (Eu/Eu*= Eu(n)/ ; (McLennan, 1989)) turned from 
positive to neutral with increasing mud content up to ~ 80%. For example, Eu anomalies 
changed from positive to neutral in Bb3 and Bb4 with increasing mud content from 54 to 
77%, and the largest Eu anomalies were found in samples containing the lowest clay 
and/or mud fractions (e.g., in Bb5). On the other hand, two sediment cores (Bb5 and BG3) 
showed positive correlation between Eu anomalies and mud fraction. Europium anomalies 
in igneous rocks are related to the accumulation or fractionation of plagioclase (McLennan, 
1989). In sediments, they may be partly controlled by redox conditions (Bau, 1991; Guo et 
al., 2010; Sverjensky, 1984), and although they cannot be used to trace changes in redox 
conditions (Laveuf and Cornu, 2009), they have been used successfully to identify 
changes in lithology (Kim et al., 2003). Therefore, Eu anomalies may be indirectly related 
to grain size variability (e.g., (Ferrat et al., 2011; Lee et al., 2008; Nyakairu and Koeberl, 
2002; Rao et al., 2011; Yang et al., 2004). 
Aeolian deposits from NSI are composed almost entirely of sand and are characterized by 
a negative Eu anomaly. In contrast, mud-rich fluvial sediments from Tinchi Tamba display 
positive Eu anomalies. These differences are correlated with mineralogical variability (Al-
Kaabi and Gasparon, 2014). Significant concentrations of plagioclase are commonly found 
in fine-grained siliciclastic sediments (e.g., (Compton et al., 2003; Davranche et al., 2011; 
Gasparon and Matschullat, 2006; Leybourne and Johannesson, 2008; White, 2005), and 
Hylogging and XRD analyses revealed the presence of sufficient albite and oligoclase, 
particularly in the fine-grained samples, to generate positive Eu anomalies. In contrast, 
monazite [(LREE)PO4] was identified in sandy sediments from NSI (Chittleborough et al., 
1998; Laycock, 1978; Lubke and Avis, 1999; Tejan-Kella et al., 1990; Thompson, 1992; 
Ward et al., 1988), and this mineral could be responsible for the negative Eu anomalies 
(Condie, 1981; Karsli et al., 2012; Köksal et al., 2013; Philpotts, 1970) observed in the NSI 
samples. The presence of monazite, however would also lead to LREE enrichment (Galán 
et al., 2007; Janots et al., 2006; Köksal et al., 2013; Wood and Williams-Jones, 1994), 
while the REY patterns of NSI aeolian deposits are depleted in LREE. Moreover, 
phosphorous content was very low in these deposits.  
Graphs produced by plotting Eu anomalies against Ce, Y or some REE ratios (e.g., Gd/Yb, 
La/Lu or La/Yb) have been used to discriminate different types of sediments or waters 
(e.g., (Ferrat et al., 2011; Hannigan et al., 2010; Leybourne and Johannesson, 2008; 
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McLennan, 1989; Rao et al., 2011). Although three different depositional environments 
(fluvial, aeolian, and intertidal) were identified in Chapter 3 using grain size parameters, Eu 
anomalies plotted against organic carbon, Y anomalies, Ce anomalies, Ce/Y, Gd/Yb, 
Tb/Yb and La/Yb ratios (see e.g., Figure 4.29A and B as an examples), Fe and Mn 
concentrations, and different total REE fractions (∑LREE, ∑MREE, ∑HREE and total REE) 
did not show distinct clusters for these three depositional environments. A good 
discrimination could be observed only among different deposits when only intertidal 
deposits from Burpengary are plotted with fluvial and aeolian from all sites (see e.g., 
Figure 4.30). 
 
Figure 4.29. Eu anomalies plotted against REE ratios (A) – Tb/Yb, and (B) – La/Yb for the 
different depositional environments defined using sedimentological criteria (see Chapter 
3). 
 
Figure 4.30. Eu anomalies against ∑REYn; intertidal deposits form only the Burpengary 
cores, while fluvial and aeolian from all sites. 
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The three types of deposits can be discriminated when Eu anomalies are plotted against 
grain size parameters, e.g., mud size fraction (Fig. 4.31). 
 
Figure 4.31. Europium anomalies plotted against mud content for the different depositional 
environments defined using sedimentological criteria (see Chapter 3). 
 
In general, fluvial deposits have on average the highest Eu*/Eu values (1.248), while 
aeolian sediments have the lowest (0.843). Fluvial sediments also have the lowest La/Eu 
ratio (0.57), while intertidal deposits are less fractionated (La/Eu = 0.86) and aeolian 
deposits are virtually unfractionated (La/Eu = 1.05).  
Oxidation processes typically produce secondary Fe-rich minerals, and these Fe-oxides 
tend to preferentially adsorb HREE and MREE, and leave the residual environment (fluid 
or sediment) enriched in LREE ;(Byrne and Kim, 1990; Och et al., 2014). In contrast, clay 
minerals tend to preferentially adsorb LREE (Byrne and Kim, 1990; Compton et al., 2003). 
Thus, LREE and HREE fractionation (and therefore LREE/Eu and HREE/Eu ratios) is 
partly controlled by the amount and type of Fe-oxides and clay minerals present in the 
sediment, and is not simply a function of grain size. 
 
  4.4.3 Yttrium anomalies. 
Yttrium anomalies calculated as Y/Ho (Bau, 1996), and Y anomalies can be caused by 
sorption or co-precipitation of REE onto iron oxyhydroxides (Bau, 1999; Moller et al., 1998; 
Tweed et al., 2006) and REE bonding with organic matter (Thompson et al., 2013). 
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In this study, Y anomalies appear to be irregular in the different types of sediments and 
have no clear relationship with organic matter and mud content. Negative yttrium 
anomalies were observed in samples with low clay-size content (< 15%) in MW2, MW5, 
Bb3 and NSI. Other cores, however, such as those of Beachmere, have low clay fraction 
no correlation was observed between clay-size and Y anomalies. A strong negative Y 
anomaly was identified in some of the fluvial sediments (e.g., in Tinchi Tamba), while the 
tidal sediments of Burpengary displayed only a slight negative anomaly. In contrast, 
aeolian sediments from NSI (Al-kaabi and Gasparon, 2013) have Y/Ho>1. Although Y/Ho 
ratios were generally higher in kaolinite-poor samples (such as those of NSI), there is no 
clear correlation between Y anomalies and changes in mineralogical composition.  
Although Y anomalies have been used to discriminate different types of deposits and 
water (Bau, 1996; Bau and Dulski, 1995; Censi et al., 2005; Censi et al., 2010; Lawrence 
et al., 2006; Moller et al., 1998; Nozaki et al., 2000), Y/Ho ratios were not significantly 
different in the three types of deposits considered in this study (Fig. 4.32).  
 
Figure 4.32. Yttrium concentrations against Y/Ho values for the different depositional 
environments defined using sedimentological criteria (see Chapter 3). 
 
  4.4.4 Cerium anomalies. 
Iron and sulfate are among the main ions found in pore waters in equilibrium with the acid 
sulfate soils that are widely distributed across the Tinchi Tamba wetlands reserve and 
coastal areas of Moreton Bay. The Ce anomaly is calculated as Ce/Ce*= 2Cen/ (Lan+Prn) 
(De Baar et al., 1985), and coprecipitation of REE with Fe and Mn oxides may (Davranche 
et al., 2003; Dia et al., 2000; Laveuf and Cornu, 2009) or may not (Och et al., 2014) result 
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in Ce anomalies. Our data did not show any correlation between Ce anomalies and Fe or 
Mn oxides. Redox conditions controlling Ce anomalies (Bau, 1999; Gruau et al., 2004; 
McLennan, 1989), may not be solely responsible for the values observed in wetlands such 
as in Tinchi Tamba (Dia et al., 2000). Although Ce anomalies were not large in our sites 
(0.86 - 1.14), the lowest value was observed in the Tinchi Tamba layers influenced by 
Holocene sea level rise (Chapter 3). Hence, these Ce anomalies could maybe partly relate 
to changes in grain size or sediment supply. Samples from Beachmere, Burpengary and 
Beerburrum with the highest percentage of mud showed positive Ce anomalies. This 
finding is consistent with the observation that the Ce content in clay-size fraction is higher 
than in the other size fractions (Klaver and van Weering, 1993), and that Ce anomaly can 
be found only in the mud fraction (Nyakairu and Koeberl, 2002). 
Both positive and negative Ce anomalies were identified in sediments that contained 
virtually the same proportion of mud fraction. These anomalies, however, were positively 
correlated with organic matter content. For example, increasing organic carbon content 
from 1 to 4% in MW1 and MW4 matched increasing Ce anomalies from ~0.92 to 1.04. 
Cerium anomalies plotted against other REE elements or anomalies have been used to 
discriminate different depositional environments. This, however, could not be achieved in 
Moreton Bay. The separation between the three different depositional environments could 
be achieved only when Ce anomalies or Ce/REE values were plotted against clay-size 
fraction (Fig. 4.33). 
 
Figure 4.33. Ce/REE values against clay-size content for the different depositional 
environments defined using sedimentological criteria (see Chapter 3). 
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  4.4.5 Organic matter and REE. 
Organic matter has the ability to influence mechanisms of element transport, deposition, 
retention, chelation, sorption and desorption (Baize et al., 1999; Hu et al., 2006; Loring and 
Rantala, 1992; Magdoff et al., 1996), and REE may form complex bonds with organic 
matter particles (Gruau et al., 2004; Johannesson et al., 2004; Morgan et al., 2012; 
Pourret et al., 2007a; Pourret et al., 2010; Tang and Johannesson, 2003). Increasing mud 
and organic matter fractions correlate with increasing REY concentrations, and a 
substantial proportion of the REY budget, particularly in anoxic wetland environments, may 
derived from the release of REY from organic matter following chemical reduction 
(Davranche et al., 2011). This process (see also (Davranche et al., 2011; Morgan et al., 
2012; Pédrot et al., 2008; Pourret et al., 2007a; Pourret et al., 2007b; Tang and 
Johannesson, 2010) is consistent with the REY fractionation trends observed in this study. 
The depositional environments considered in this study, however, have similar organic 
matter content, and therefore cannot be discriminated using this parameter (Fig. 4.34). 
 
 
Figure 4.34. Relationship between total REE concentration values and organic matter 
content for the different depositional environments defined using sedimentological criteria 
(see Chapter 3). 
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  4.4.6 REY fractionation. 
In general, REE fractionation (mostly LREE/HREE) was correlated with clay-size and mud 
content across the sites considered in this study. Differences in mineralogical composition, 
however, also accounted for some of the distinctive REE patterns at each site.  
Heavy minerals such as ilmenite [FeTiO3], rutile [TiO2], zircon [ZrSiO4], REE-rich monazite 
[(Ca,La)PO4] and xenotime [YPO4] can be relatively abundant in sandy coastal areas of 
Queensland (Jaireth et al., 2014), and may reach a mass concentration of ~5% in NSI 
sediments (Chittleborough et al., 1998; Laycock, 1978; Lubke and Avis, 1999; Tejan-Kella 
et al., 1990; Thompson, 1992; Ward et al., 1988). These heavy minerals are known to 
affect REE patterns and fractionation (McGowan et al., 2008; Zheng, 2008). The presence 
of zircon in sediments, for example, leads to HREE enrichment (Cullers et al., 1987; 
Munksgaard et al., 2003), resulting in the LREE/HREE fractionation patterns observed in  
NSI. La/Eu fractionation was mostly observed in samples that do not have kaolinite, 
consistent with clay minerals’ ability to scavenge LREE (Byrne and Kim, 1990; Compton et 
al., 2003). Like clay minerals, acid sulfate soils (ASS), widely distributed across coastal 
areas of Moreton Bay (Hey et al., 2000; Malcolm et al., 2006; Powell and Ahern, 1999), 
are also known to fractionate REEs (Åström, 2001; Bozau et al., 2003; Morgan et al., 
2012). LREE/HREE fractionation in Tinchi Tamba may be due to the presence of ASS, 
however the extent of fractionation is small compared with what has been reported in 
previous studies, and besides these is no agreement in these studies on why and how 
AAS would cause REE fractionation (Åström, 2001; Bozau et al., 2003; Welch et al., 
2009). Thus, the assumption that ASS is responsible for LREE/HREE fractionation 
remains to be properly tested, while the date obtained in this study show that grain size 
fractions have a strong influence on this fractionation. 
Many REE ratios had been used over the three decades to establish the origin of 
geological materials (e.g. (Karadağ, 2014; Leybourne and Johannesson, 2008; McLennan, 
1989; McLennan et al., 1980; Munksgaard et al., 2003). Two of the interesting ratios are 
(Yb/Sm)n plotted against (Ce/Sm)n (Radhakrishna and Joseph, 2012; Storey et al., 1997), 
and although these have been used in previous studies to discriminate only different 
igneous processes and rock types, different depositional environments could also be 
identified using these two REE ratios (Fig. 4.35), but only if intertidal deposits from 
Burpengary used.  
188 
 
 
Figure 4.35. Variations of (Yb/Sm)n against (Ce/Sm)n for the different depositional 
environments defined using sedimentological criteria (see Chapter 3). 
Gadolinium has also been used extensively to discriminate different origin of geological 
materials (Leybourne and Johannesson, 2008; Marsac et al., 2010; Tang and 
Johannesson, 2010), however Gd was unable to discriminate different depositional 
environments in this study. 
Discrimination diagram proposed by Poh (2012) and obtained by plotting (Yb/Tb)n against 
(Pr/Tb)n show a distinct cluster for fluvial deposits, although some intertidal samples 
overlapped with fluvial sediments. Nevertheless, these both types of diagrams ((Gd/Yb)n 
against (La/Gd)n and (Yb/Tb)n against (Pr/Tb)n) were significant discrimination different 
modern deposits if only intertidal deposits from Burpengary are plotted with fluvial and 
aeolian from all sites; see Figures 4.36A and B). 
 
Figure 4.36. Bivariate plots of (A) (MREE/HREE (Gd/Yb)n against LREE/MREE (La/Gd)n 
for modern deposits, and (B) (HREE/MREE (Yb/Tb)n against LREE/MREE (Pr/Tb)n for 
modern deposits (see Chapter 3). 
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  4.4.7 REY trends with Fe and Mn. 
Iron and/or manganese are ubiquitous in the environment as oxides and hydroxides, and 
these mineral phases are known to absorb REE and fractionate LREE (Bau et al., 1997; 
Dia et al., 2000; Elderfield and Sholkovitz, 1987; Leybourne and Johannesson, 2008; Zhan 
et al., 2013). It has also been suggested that Fe and Mn oxides, together with grain size, 
control trace elements distribution in Moreton Bay sediments (Cox and Preda, 2005; Preda 
and Cox, 2002). 
The different sites considered in this study occupy different fields in a REE-Mn plot (Fig. 
4.37), while Fe and Mn overlapped when they used to discriminate different depositional 
environments from Chapter 3 (Fig. 4-38A-B).  
 
Figure 4.37. Plot of ∑REE concentrations against Mn for the different study sites. 
 
Figure 4.38. Plot of ∑REE concentrations against (A) Mn and (B) Fe for the different 
depositional environments defined using sedimentological criteria. 
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The linear relationship between REE and Mn was weak for all sites. In contrast, the linear 
REE-Fe correlation was strong in Beachmere and Beerburrum (R2 = 0.8 and 0.56, 
respectively). The strongest relationships were observed in the sites relatively rich in Fe-
Mn-bearing minerals such as Fe-smectite, epidote, siderite, biotite, chlorite, and ankerite.  
 
  4.4.8 Relationships between REY and other major and trace elements. 
REY and REE patterns displayed the same trend of some lithophile elements such as Al, 
Sc, Th, Zr, Hf, and Ti or other major elements such as Ba or Sr. The majority of sediment 
cores in Tinchi Tamba (MW1, MW3, MW4, MW5, MW6 and MW7) showed a good match 
between REY concentrations and other major and trace elements. For examples, REY 
down-core trends were similar to those of U, Th, Zr, Hf and Sr concentrations (see e.g., 
Fig.4.39 for core MW1). 
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Figure 4.39. Distribution of (A) - REY, (B) - Al, (C) - Ti, (D) - Sc, (E) - Hf, (F) - Zr, (G) - U 
and Th, and (H) - Sr concentrations as a function of depth in core MW1. 
 
Cores from Burpengary, Beerburrum and Beachmere showed similar trends. For instance, 
Figure 4.40 shows the down-core trends for REY and Ba, Hf, Sc, Sr, Th, U and Zr 
elements in core Br3.  
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Figure 4.40. Down-core distribution of REY, Zr, Hf, U and Th in core Br3. 
 
REY distribution in fluvial and intertidal deposits is strongly correlated with Th, Hf, Sr, Ba 
and Zr. Spatial REY distribution in aeolian deposits is consistent with Th and Zr, but 
showed only some correlation with Sr and Ba. Some lithogenic elements such as Ti, Sc, 
and Zr and REEs are used to identify changes in the source of clastic sediments (Caccia 
and Millero, 2007; Gasparon et al., 2007; Gasparon and Matschullat, 2006). Heavy 
minerals in aeolian sediments of NSI contain high percentages of zircon, a mineral that 
contains large amounts of Zr and less than 3% of Hf (Kleinhanns et al., 2002; Poller et al., 
2001). Hf in sediments is released from continental weathering (van de Flierdt et al., 
2007), therefore a correlation between Hf and REEs can be expected in fluvial sediments. 
Plots of Sc, Ti, Th, Hf, Sr, Ba, U or Zr against REE concentrations for the different 
depositional environments (Chapter 3) could define some clusters for the different 
depositional environments, however a significant degree of overlap remained (Fig. 4.41). 
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Figure 4.41. Plots of ∑REY concentrations against (A) Zr, and (B) Hf concentrations for the 
different depositional environments defined using sedimentological criteria (see Chapter 
3). 
 
A better discrimination could be achieved at some sites. For example, the only intertidal 
deposits from Burpengary are plotted with fluvial and aeolian from all sites could be clearly 
defined when total REE concentrations were plotted against some major elements such as 
Al, Rb, Sc, Ti and Zr (e.g., Figure 4.42). 
 
  
Figure 4.42. Plots of ∑REE concentrations (ppm) against (A) Al % and (B) Sc (ppm) to 
discriminate the different depositional environments defined using sedimentological criteria 
(see Chapter 3). 
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4.5 Conclusions. 
The spatial and temporal distribution of REY patterns and their fractionations are 
geochemical signature for the different depositional environments across the Moreton Bay 
region.  
A slightly convex to flat REY pattern is characteristic of sediments containing the highest 
mud fraction (approximately between 80 and 90 %). Many sediment cores show that REY 
fractionation mimics changes in mud content, organic carbon, and Al content. As was 
shown in Chapter 2, the mud fraction contains the highest percentage of organic carbon, 
and Al concentrations are largely controlled by clay mineral content. Therefore, the main 
single factor controlling REY distribution is mud content. Some intertidal deposits, 
however, are particularly enriched in organic matter, and this organic matter controls REY 
fractionation. 
The different depositional environments across Moreton Bay could be geochemically 
defined using REY values against other parameters (mud fraction or organic matter 
content, and some elemental abundance). The geochemical fingerprinting was particularly 
effective when only one site (e.g., Burpengary) was considered. 
Plagioclase and kaolinite minerals control Eu anomalies, while heavy minerals (particularly 
in aeolian deposits) caused enrichment in HREE. Organic carbon, mud fraction, and 
mineral compositions are responsible for different degrees and types of fractionation 
between different REY. Cerium anomalies were particularly useful to constrain sea level 
changes.  
Secondary post-depositional processes such as leaching and chemical/physical REY 
redistribution may result in vertical redistribution of the REY, so that the original 
geochemical characteristics of the depositional environment can no longer be recognized. 
Therefore, REY behave as a non-conservative tracer. Different deposits and aquifers 
materials, however, may still share the same REY pattern under favourable environmental 
conditions.  
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Chapter 5 General discussion 
5. Use of multi-proxy parameters to identify changes in depositional 
environments during the Holocene 
 
The influence of sea level in coastal sediment profiles is not fully understood across the 
Moreton Bay region, and there is a need to develop new and accurate proxies to detect 
past environmental changes. Recent changes in depositional environments as well as 
possible sea level fluctuations were identified using grain size parameters in Chapter 3. 
These identified changes were dated by 14C using suitable materials from the Tinchi 
Tamba wetlands and Beachmere. The geochronological results suggest that the base of 
the Holocene sequence in Tinchi Tamba was deposited about 7000 years BP. By 
combining grain size with geochronological data it was shown that Tinchi Tamba was 
affected twice by significant sea level rise at ~6800 and ~5200 years BP. In addition, a 
small fluctuation in sea level was also detected at this site around 3400 years BP. Two 
minor fluctuations at ~2900 and ~2000 years BP were also detected in the Beachmere 
area.  
In Chapter 4, REY were used to chemically define (“fingerprint”) the different Holocene 
sediment types in the Moreton Bay region. Different depositional environments (fluvial, 
aeolian, and marine) identified by grain size parameters were shown to also have distinct 
REY patterns and concentrations. Thus, REY and grain size parameters used together are 
a powerful tracer to identify depositional environments in complex estuarine environments. 
 
5.1 Introduction. 
The majority of coastal deposits in Moreton Bay belong to the Holocene, while late 
Pleistocene and Tertiary deposits are exposed in some areas (Grimes, 1986). Holocene 
sediments in Moreton Bay were deposited following a sea level rise in the mid Holocene 
(Brooke et al., 2008a; Lester et al., 2000). Thus, sea level fluctuations are one of the 
factors that influenced coastal deposits in this area (Jones and Stephens, 1981; Lang et 
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al., 1998; Maxwell, 1970; Preda and Cox, 2002). Studies that incorporate data from many 
areas of eastern Australia indicate a sea level rise of about 1.5 m and a highstand lasting 
between ~7500 and ~2000 years BP (Lewis et al., 2008; Sloss et al., 2007), possibly with 
two short fluctuations in sea level during that time (Lewis et al., 2008). Thus, changes in 
sea level across this region during the Holocene are still debated (e.g., (Lewis et al., 
2013), information on the mid-Holocene depositional history of Moreton Bay remains very 
poor (Gibbes et al., 2013), and in consequence there is still a need to develop detailed 
local sea level records for densely populated areas such as south east Queensland. A 
realistic predictive model of future sea level impact requires the study of the Holocene sea 
level changes and their impact on coastal sediments (Lambeck, 1990; Lewis et al., 2013).  
Sea level fluctuations can be identified in coastal sedimentary sequences by 
sedimentological analyses (Freitas et al., 2002; Lario et al., 2002; Macken et al., 2011). 
Statistical analysis of grain size parameters from undifferentiated sediments showed ability 
to identify changes in climate and sea level during the Holocene (Boulay et al., 2007; 
Gyllencreutz et al., 2010; Jiang and Ding, 2010; Tanner, 1991; Vandenberghe, 2013; Zhou 
et al., 2013). Previous studies suggest that this kind of research may be also feasible in 
Moreton Bay, however the existing age data need to be integrated with new sedimentary, 
geochemical and geochronological data for a detailed reconstruction of sea level 
fluctuations since the mid-Holocene.  
The concentration and patterns of REEs in some surface water, groundwater, intertidal 
sediments, and coral colonies from Moreton Bay have produced interesting results that 
shown significant REEs among different sites (Coates-Marnane, 2012; Lawrence et al., 
2006; Morelli, 2010; Poh, 2012). These results suggest that the estuarine sediments of the 
Moreton Bay region are ideal for testing a new chemical tracer.  
REEs have been used effectively as a very sensitive geochemical tracer in a range of 
environments and matrices, because their concentrations, fractionation patterns, and the 
anomalous behaviour of some REEs can be indicative of specific sources, processes, and 
environments (Duncan and Shaw, 2003). REEs are good tracers of sediment sources 
(e.g., (McLennan, 1989; Munksgaard et al., 2003; Singh, 2009; Tang et al., 2013), and 
grain-size sorting may modify REEs patterns (Morey and Setterholm, 1997). Thus, the 
relationship between grain size distribution, REE patterns and depositional environments 
needs to be further investigated. REEs were used to distinguish between siliceous and 
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calcareous sediments (Nath et al., 1992), and to identify changes in the source of clastic 
sediments (Gasparon et al., 2007; Gasparon and Matschullat, 2006). 
Geochronological data are presented in this chapter, and discussed together with the 
sedimentological and geochemical data to constrain the timing of changes in depositional 
environments at the different sites, and to further validate the use of geochemical 
parameters, and REY in particular, as proxies for specific depositional environments. 
 
5.2 Statistical analysis of grain size distribution to discriminate depositional 
environments. 
Grain size statistics were applied to modern sediments of Moreton Bay catchments to test 
their ability to discriminate different deposits such as fluvial, intertidal, and aeolian 
depositional environments. A number of statistical parameters, both conventional (mean, 
sorting, skewness, kurtosis and QDa-MD) and used for the first time in this study (D32 and 
D43), were tested in a range of bivariate diagrams.  
The modern depositional environments provided baseline data that were used to 
determine Holocene (unknown) depositional environments across Moreton Bay. The QDa-
MD diagram was the most effective, however other parameters could also distinguish the 
three different depositional environments in the study sites (Figure 5.1).  
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Figure 5.1. Fields of modern Moreton Bay depositional environments defined using (A) 
mean vs. skewness, and (B) QDa vs. MD; and fields for Holocene (unknown) Moreton Bay 
depositional environments defined using (C) mean vs. skewness, and (D) QDa vs. MD. 
 
The goal of using grain size parameters to detect changes in Holocene depositional 
environments and sea level was achieved in this study. The bivariate diagrams based on 
grain size statistical parameters can discriminate different modern depositional 
environments and have been used effectively to constrain past depositional environments 
across Moreton Bay. Multivariate analysis (Chapter 3) confirmed the discrimination of 
different depositional environments using grain size statistics.  
Grain size data have been widely used to estimate sources of sediments and/or to identify 
different depositional environments (Carrasco et al., 2011; Folk, 1966; Friedman, 1967; 
Lewis and McConchie, 1994; Martins, 2003; Merlotto et al., 2014; O’Flynn et al., 2013; 
Passega, 1972), and to detect a change from terrestrial to marine deposition (Siiro et al., 
2005). Historically, grain size analysis was first used to identify transgressions and 
regressions in Permian-Triassic deposits (Jones and Speers, 1977 in (Pettijohn et al., 
1987)), and in more recent times to track changes in sea level during the Holocene (Lario 
et al., 2002; Sawakuchi et al., 2009; Trivedi et al., 2012). Some studies have also showed 
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the ability of grain size parameters to identify tsunami deposits (Choowong et al., 2008; 
Donato et al., 2009; Paris et al., 2007; Putra et al., 2013; Szczuciński et al., 2012).  
Sedimentary features have been used extensively to reconstruct Quaternary sea level 
changes in the east coast of Australia (Hall and Lilley, 1987; Jones et al., 1978; Roy and 
Thorn, 1981; Sloss et al., 2007; Thom and Roy, 1985; Troedson and Davies, 2001; Ward 
and Hacker, 2006). Changes in sea level during the Holocene in the Moreton Bay region 
have been confirmed using a range of proxies (see e.g. (Flood, 1984; Hall and Lilley, 
1987; Lambeck and Nakada, 1990; Leonard et al., In press; Lewis et al., 2013; Lovell, 
1975; Thom et al., 1969; Ward and Hacker, 2006). However, the impact of such changes 
in the sequences of coastal sediments has not been fully recognized across the bay, 
leading to a gap in our knowledge about how sea level fluctuations have influenced coastal 
deposition. The last 5,000 years of the Moreton Bay history are particularly ill-defined, 
mainly because of the lack of material suitable for dating. As a consequence, the influence 
of climate on sedimentary environments and the timing of recent sea level fluctuations in 
Moreton Bay are yet to be fully constrained (Hall and Lilley, 1987; Lewis et al., 2008; Ward 
and Little, 2000). 
 
5.3 Geochronological measurements. 
A total of six cores from two different sites were selected for 14C dating based on the 
availability of material suitable for dating and sedimentary features. Seventeen charcoal, 
wood, and shell fragments were collected from different depths (1.14 - 4.55 m) from cores 
MW1, MW6, MW7 and WM8 (Tinchi Tamba wetlands), and Br2 and Br3 (Beachmere).  
Charcoal, wood and shell fragments were hand-picked using plastic tweezers. The 
material was carefully cleaned using Milli-Q water to remove any remaining sediments, 
and dried in an oven at 60 °C for 4 hours. The samples were analysed by Accelerator 
Mass Spectrometry Dating (AMS) at the Radiocarbon analysis facility of the Australian 
Nuclear Science and Technology Organisation (ANSTO) and AMS at the Radiocarbon 
Dating Laboratory of The University of Waikato in New Zealand. The radiocarbon ages 
were calculated using the methods described in (Stuiver and Polach, 1977). Calendar 
ages were calculated by using IntCal09 (Reimer et al., 2009) for shell samples, while 
ShCal04 (McCormac et al., 2004) was used to calibrate charcoal and wood samples. A 
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Marine Reservoir Correction of 25±16 year BP was applied to shell samples (Ulm et al., 
2009). Calendar ages (year BC) are used in this section for comparison with data 
published in the literature. 
 
5.4 Grain size as a tracer of sea level fluctuations in Moreton Bay. 
As shown in Chapter 3, statistical analysis of grain size distribution revealed three main 
depositional environments. One of these environments was characterized as intertidal-
marine, and was found at some depths in the Tinchi Tamba wetlands and in the 
Beachmere sites (Fig. 5.2). This finding implies lower sea level at the time of deposition.  
 
Figure 5.2. Mean vs. sorting plots of (A) Tinchi Tamba and (B) Beachmere sediments, 
showing their characteristics relative to modern depositional environments (aeolian, fluvial 
and intertidal). 
 
The four parameters mean, sorting, skewness, and kurtosis have been used to identify 
changes in sea level at some beaches around the world. Even a small changes in sea 
level could be revealed by changes in these parameters (Tanner, 1992b). Among all the 
different parameters tested, kurtosis has been the most successful (Sukumaran et al., 
2012; Tanner, 1991; Tanner, 1992a; Tanner, 1992b; Tanner, 1993; Tanner, 1995). 
According to Tanner (1991), sea level fluctuations can be measured using the ratio of 
mean against kurtosis, as well as the inverse of kurtosis (1/kurtosis) (Tanner, 1992b). For 
example, mean/kurtosis is 0.7 for sediments at sea level, and any values higher than 0.7 
indicate sea level rise (Tanner, 1991). A kurtosis value  of ~3 was considered as an 
indication of a change in energy (Tanner, 1992b), and values of 1/kurtosis different from 
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~1 also indicate sea level change (Tanner, 1992a). Although these parameters have not 
been used widely to detect sea level changes, recent studies (Garrison et al., 2010; Wang 
et al., 2012) have confirmed their usefulness. 
The down-core trends for mean/kurtosis, 1/mean and 1/kurtosis show significant variability 
and correlate with significant changes in sedimentary features (see e.g., the trends in three 
Tinchi Tamba sites in Fig. 5.3). The main anomalies correspond with intertidal deposits 
identified using statistical grain size parameters in Chapter 3. Although the absolute values 
were different from those reported in previous studies, this could be due to differences in 
locations and the range of grain size fractions used for the calculations, and the use of 
modern instrumentation in this study. 
 
 
Figure 5.3. Down-core trends of significant grain size parameters for three Tinchi Tamba 
cores. (A) - MW6; (B) - MW8; and (C) - MW1. See text for explanations. Core depth 
(vertical axis) in cm. The thick horizontal lines indicate the core intervals dated by 14C, with 
ages in year BP. 
 
Core MW6 from Tinchi Tamba shows intertidal deposits that may have been affected by 
sea level fluctuations at the depths of 150 and 280 - 320 cm (Fig. 5.4) based on the ratio of 
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sorting to kurtosis (sorting/kurtosis). Other grain size statistics ratios show the same 
degree of down-core variability in energy environments. 
 
Figure 5.4. Core MW6 from Tinchi Tamba showing variable grain size statistics, consistent 
with down-core variability in depositional environment and possibly sea-level fluctuations. 
Symbols and patterns as in Figure 5.4. 
 
Using the same criteria, mean/kurtosis and 1/kurtosis suggest that core MW8 is strongly 
influenced by sea level change at 2.2 m, with intervals at 1.25 - 1.35 and 1.70 m also 
possibly impacted.  
In some cores a marine environment was detected from an increase in mean/kurtosis 
values to over ~85 and 1/kurtosis over ~0.15. Thus, Beerburrum core Bb3 may have been 
affected by sea level change at 2.50 m, and the same may apply to core Bb2 at 2 m (and 
possibly also between 0.85 and 1.05 m). Beachmere sites show marine influence at 1.4 m 
in Br2, which could be correlated with possible marine impact at 1.2 m in Br3. Similarly, the 
Burpengary sites may have recorded two rises in sea level: one at a depth of less than 1 m 
and another one at depths between 1.5 and 2 m. 
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Another parameter indicative of a marine environment is the sand/clay ratio. This ratio was 
moderately high (~7 to 35) for intertidal deposits (e.g., BG1, BG2, BG5), but lower than 2 
in fluvial deposits (e.g., BG3 and BG4) and higher than 50 in aeolian deposits from North 
Stradbroke Island. Based on these observations, “marine” peaks can be inferred in core 
MW6 at 1.5 m and between 2.40 and 3.20 m, and at 2.2 m in core MW8 (and possibly also 
at 1.25 - 1.35 and 1.70 m (Fig. 5.5). These peaks are consistent with the trends observed 
using the mean/kurtosis, 1/kurtosis and sorting/kurtosis values. 
 
Figure 5.5. Sand/clay ratios for cores (A) MW6 and (B) MW8, indicating marine influence 
at 1.5 m and between 2.40 and 3.20 m (MW6) and 2.2 m (and possibly also 1.25 - 1.35 
and 1.70 m) in MW8. 
 
5.5 Geochronology of the study sites. 
Marginal areas such as the Tinchi Tamba wetlands reserve are good sites to study change 
in sea level because they are tectonically stable and have not been affected by recent 
glacio-isostasy (Woodroffe, 2009). In addition, all the Tinchi Tamba wetlands sites have 
been flooded regularly by rivers and annual tidal fluctuations (Chenoweth and Associates, 
221 
 
1996). Therefore, the variability in grain size detected in this study is a direct reflection of 
sea level fluctuations.  
Four cores were selected from the Tinchi Tamba wetlands (Table 5.1) for dating using 14C. 
These cores were selected because they contain material suitable for 14C dating (charcoal, 
wood, and shell fragments), and because they were the longest cores recovered from the 
wetlands, and therefore they are most likely to preserve a long record of sedimentation. 
The four sites are located in an area currently not affected by tides (Poh, 2012), and 
therefore the presence of marine deposits is most likely to reflect more significant sea level 
fluctuations rather than episodic tidal flooding.  
 
Table 5.1. 14C age data for the cores from the Tinchi Tamba wetlands and Beachmere 
coastal sites. 
Core 
depth 
(cm) 
Material used 
for dating 
Conventional 
Radiocarbon 
age(years BP) 
Calendar 
years BC 
MW6 
315 Charcoal 6,440 +/- 45 5296 
335 Shells 6,565 +/- 40 5474 
420 Wood 6,685 +/- 40 5487 
420 Shells 7,010 +/- 50 5773 
455 Shells 7,055 +/- 40 5873 
MW8 
155 Charcoal 5,320 +/- 35 3981 
205 Charcoal 5,370 +/- 40 4039 
275 Charcoal 5,365 +/- 40 4037 
285 Wood 6,620 +/- 35 5472 
295 Shells 5,555 +/- 35 4344 
MW1 250 Wood 3,811 +/- 28 2115 
MW7 
114 Wood 6,034 +/-28 4777 
370 Wood 7,029 +/-29 5750 
Br2 
161 Wood 2,950 +/-26 976 
184 Wood 2,864 +/-27 891 
Br3 
200 Shells 2,005 +/-25 61AD 
250 Shells 1,880 +/-25 216AD 
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5.5.1 Tinchi Tamba during the Holocene. 
The distribution of ages with depths for the Tinchi Tamba wetlands is shown below (Fig. 
5.6).  
 
Figure 5.6. Age of sedimentation in Tinchi Tamba sites. Errors are within the area covered 
by the symbols. 
 
Dating results show that the ages of the deepest samples are around 7055 – 7029 year 
BP in core MW6 and MW7.  
The beginning of deposition of the estuarine sequences in Moreton Bay has been 
attributed to the Middle Holocene, around 7,000 years BP (Brooke et al., 2008a; Hall and 
Lilley, 1987). Thus, the deepest layers dated in this study could represent the base of the 
Tinchi Tamba Holocene sequence. The depth of the base of the sequence varies across 
the wetlands because of local topography, and proximity to the coast and to major water 
courses. For example, the location of core MW8 is possibly affected by strong marine tides 
from Bald Creek and Pine River together, while MW7 appears to be in a position that may 
be impacted only by tidal influence from the river. This variability, coupled with the poor 
temporal resolution of the age data, makes it difficult to calculate a meaningful 
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sedimentation rate and to track its temporal variability. On average, however, the 
sedimentation rate ranged from 0.6 mm/year at MW6 to 0.5 mm/year at MW7. 
In general, the deepest Tinchi Tamba sediments (3.00 - 4.55 m) were deposited between 
7-5K BP years (Figure 5.7). A sample collected from Lawnton immediately to the west of 
Tinchi Tamba gave an age of around 8400 years BP at 7.5 m (Hofmann, 1980), and 
therefore a sedimentation rate of around 0.09 mm/year. Despite the differences in 
sedimentation rates for the reasons mentioned above, this study constrains the beginning 
of Holocene sedimentation in the area at around 7,000 year BP.  
 
 
Figure 5.7. Sediment cores from Tinchi Tamba showing the depths of the intervals dated 
using 14C. 
 
Correlation between age data and grain size statistics discussed in Chapter 3 illustrates 
two periods of strong marine influence, which are interpreted here as episodes of sea level 
rise (Fig. 5.8). The first one can be recognized between 5500 and 5700 years BC (6800 - 
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6300 BP) at the bottom of cores MW7 (2.28 - 3.30 m) and at 2.80 m in MW8. The second 
is dated at 4150 - 4500 year BC (5360 - 5234 BP) at around 1 m in MW6, 1.7 - 1.9 m in 
MW3 and between 1.8 and 1.97 m in MW8. Another episode of marine influence at ~2300 
BC (3477 BP) can be recognized at 1.25 m at site MW8 (Fig. 5.8). 
 
Figure 5.8. Reconstruction of the Tinchi Tamba Wetlands during the Holocene. 
 
5.5.2 Beachmere coastal Holocene history. 
An intertidal environment was recognized at a depth of 2 m in core Br2 and 3 m in Br3. 
The evidence for a marine environment was provided by the presence of a shelly mud 
layer (also interpreted as marine by Lee et al. (2002) and Brooke et al. (2010)) and by the 
grain size statistics discussed in Chapter 3. Dating of four wood and shell fragments from 
these cores gave unexpected ages (Fig. 5.9). Shell samples at 2 and 2.5 m in Br3 were 
dated at 2005 and 1880 years BP, respectively, while wood samples in Br2 (1.6 and 1.85 
m) gave ages of around 1000 years BC (2950 - 2864 years BP). 
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The different ages between these two cores could be due to the difference between the 
two dated materials (wood and shells). Shell fragments are known to give imprecise and 
erratic 14C dating results (Larcombe et al., 1995), while wood fragments typically yield 
more reliable ages. The different ages, however, could be partly due to the different 
topography and positions of these sites relative to the shoreline during the Holocene (Fig. 
5.10).  
 
Figure 5.9. 14C ages against depths for Beachmere coastal sites. 
 
Sea level oscillations of 1 - 1.5 m during the late Holocene have been proposed for this 
area (see (Lang et al., 1998; Sloss et al., 2007), and the results of this study for the 
Beachmere area are consistent with these early observations. 
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Figure 5.10. Coastline progression in the Beachmere area following sea level fall in the 
late Holocene (modified from (Brooke et al., 2008a). 
 
5.6 Moreton Bay evolution since the mid of Holocene. 
The deposition of modern estuarine deposits in Moreton Bay commenced around 7k years 
BP, based on data produced in previous studies (e.g., the alluvial and marine deposits at 
the Brisbane airport dated at 7230 - 6800 years BP; see (Hall and Lilley, 1987). The oldest 
ages obtained for Tinchi Tamba (~7055 years BP) are interpreted as the timing for the 
beginning of Holocene sedimentation. This interpretation is based on the observations that 
indurated clayey sediments, compositionally different from the overlying sediments, were 
found at the base of the dated layers. These indurated sediments could not be penetrated 
by the vibracorer, and are interpreted as the weathering surface at the base of the 
Holocene sedimentation sequence. The sea level rise detected using grain size analysis at 
depths between 3.2 and 2.8 m was dated at 6800 - 6300 years BP. This is consistent with 
sea level rise of 0.3 to 1.25 m in the Brisbane airport area at around 6500 years BP (Hall 
and Lilley, 1987; Lewis et al., 2008), and recent U-Th dating for Moreton Bay corals also 
recorded a sea level rise of about 1.1 m at ~6600 year BP (Leonard et al., In press). Sea 
water warming at ~6500 cal year BP has also been associated with sea level rise in this 
period (Baker et al., 2005). 
Fluvial deposits dominated across the area, between ~6000 and 5500 years BP, and then 
a marine influence was detected again at Tinchi Tamba at ~5360 - 5100 years BP. Sea 
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level reached ~ +0.7 m at ~5135 years BP in Deception Bay (Flood, 1981), and 
approximately +1.35 m between 5280 and 4000 years BP at the Brisbane Airport (Ward 
and Hacker, 2006). Although there is general consensus that the most significant 
Holocene sea level rise occurred around 5500 - 5000 years BP(Chappell et al., 1982; 
Larcombe et al., 1995; Woodroffe, 2009), controversy remains over the exact timing and 
duration. Some studies in the eastern Australian coast showed that the sea level rise was 
continuous for about 1000 - 1500 years until 3500 BP (Hails, 1968; Ward and Hacker, 
2006), while only one episode of sea level rise was detected at 4800 - 4685 years BP 
(Flood, 1981; Lewis et al., 2008). This episode of sea level rise may have been recorded in 
Tinchi Tamba at 1.9 - 1.7 m in core MW3, however, it is more likely that this layer correlate 
with a marine deposit at ~5360 - 5100 years BP in cores MW4 and MW8 (Fig. 5.11). The 
~3477 year BP marine deposits in core MW8 recorded the same short fluctuation detected 
in Deception Bay at 3330 year BP (Flood, 1981) and in northern New South Wales at 
~3420 year BP (Flood and Frankel, 1989), and interpreted as due to a sea level rise of 
between 0.3 and 1 m across the east coast of Australia (Lewis et al., 2008). 
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Figure 5.11. Proposed stratigraphic correlation between different cores from the Tinchi 
Tamba Wetlands, showing possible episodes of sea level rise. 
 
In contrast with Tinchi Tamba, the Beachmere coastal area recorded the first marine 
influence at 2950 - 2864 years BP (core Br2, 1.6 to 1.85 m). This event, however could be 
the same event dated at around 3000 years BP in Tinchi Tamba and along the Australian 
east coast. Core Br3 shows another marine deposit at 2 - 2.5 m (~2005 - 1880 years BP). 
Although this event was not recorded in nearby core Br2 for the reasons discussed in 
Section 5.5.2, it correlates stratigraphically with the marine deposits found in Deception 
Bay (Burpengary sites). The age of these deposits, however, could not be established due 
to the lack of material suitable for 14C dating. 
Finally, the sea level fall at ~1780 years BP (Flood and Frankel, 1989; Lewis et al., 2008) 
is consistent with the presence of fluvial deposits across the Tinchi Tamba wetlands, and 
both fluvial and aeolian deposits (derived from the erosion of sand dunes (Brooke et al., 
2010) at Beachmere.  
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5.7 REY as tracers of depositional environments. 
  5.7.1 Correlation between REY concentrations and depositional environments. 
REY concentrations decrease in the following order: fluvial, intertidal and aeolian deposits 
(Chapter 4) (Fig. 5.12 and 5.13).  
 
Figure 5.12. REY patterns of fluvial (Tinchi Tamba) and aeolian (North Stradbroke Island) 
deposits, showing the different REY concentrations and patterns. 
 
Figure 5.13. Summary of REEs concentrations for different depositional environments 
across Moreton Bay. 
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The same distribution of REE concentrations was observed for some major and trace 
elements such as Al, Mg, K, Na, Fe, Co, Cu, Ba, Sc, Sr, Th, V and Zn (Fig. 5.14). 
 
Figure 5.14. Range of major and trace element concentrations in different depositional 
environments across Moreton Bay. 
 
  5.7.2 REY patterns in different depositional environments across Moreton Bay.  
Different depositional environments defined using grain size data also have distinct REY 
patterns. Fluvial deposits have higher REE concentrations and less fractionated 
LREE/MREE patterns compared with aeolian deposits. Positive and negative Eu 
anomalies were observed in fluvial and aeolian deposits, respectively, while intertidal 
deposits showed variable Eu anomalies. The REY patterns of fluvial deposits show little 
fractionation compared with the other deposits (Fig. 5.15). 
 
231 
 
 
Figure 5.15. REY patterns of representative fluvial, aeolian and intertidal (marine) 
Holocene deposits of Moreton Bay. 
 
Yttrium anomalies were strongly negative in some of the fluvial sediments, but only slightly 
negative in intertidal sediments. In contrast, Y/Ho>=1 values characterize aeolian 
sediments (Figure 5.16). Y/Ho and Y/REY ratios followed the same trend in fluvial 
deposits, but not in intertidal deposits. 
 
Figure 5.16. Yttrium anomalies of representative fluvial, aeolian and intertidal (marine) 
Holocene deposits of Moreton Bay. 
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Change in REY patterns was observed within one site or one core, and these correlated 
with the changes in depositional environments detected using grain size parameters. For 
example, core BG2 shows alternating fluvial and intertidal REY patterns, and consistent 
with fluvial and intertidal deposits defined using the QDa-MD parameters (Figure 5.17). 
 
  
Figure 5.17. (A) REY patterns and (B) grain size statistics (QDa-MD) in core BG2, showing 
the distribution of fluvial deposits at ~ 2400 and ~6300 years BP, and intertidal and mixed 
fluvial/intertidal deposits between ~6300 and 2400 year BP. 
 
5.8 Grain size fractions and REY. 
The grain size and geochemical characteristics of the different types of deposits were 
discussed in detail in Chapters 3 and 4, respectively. The results also showed that 
different grain size fractions have distinctive REY concentrations and patterns. Therefore 
bivariate plots that combine grain size parameters with REY distributions and patterns in 
sediments are a powerful tool for the identification and discrimination of unknown 
depositional environments. Two examples of such bivariate plots are shown in Figure 
5.18A-B. 
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Figure 5.18. Relationships between total REY and (A) mud and (B) clay content for 
different depositional environments across Moreton Bay. 
 
Mud content seems to be particularly sensitive to changes in depositional environment, 
and its variability largely correlates with variable degrees of LREE/HREE and 
MREE/HREE fractionation (Fig. 5.19). 
 
Figure 5.19. Mud fractions against different REE ratios for different Moreton Bay 
depositional environments: (A) Pr/Yb; (B) Ho/La; (C) Gd/Yb; and (D) Tb/Yb. 
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In summary, fluvial, intertidal and aeolian deposits presented different clusters in bivariate 
plots of mud-size fractions against REE ratios. Therefore these parameters can be used 
successfully to discriminate among different unknown depositional environments. 
 
5.9 Sources of REY patterns of Moreton Bay deposits. 
All study sites are located within the Nambour Basin (Grimes, 1988; McKellar, 1985). 
Fluvial deposits of Tinchi Tamba, Beerburrum, Burpengary, and Beachmere share the 
same REY patterns and show little LREE depletion. This pattern was also identified by 
Kamber et al. (2005) for alluvial deposits from the North Pine and Caboolture Rivers (Fig. 
5.20). Geochemical ratios (Cr/Nb and Nb/Ta) suggest that these sediments derived from 
alkaline basalts (Kamber et al., 2005). Assuming that high field strength element 
concentrations in the sediments still reflect their original magmatic source, the majority of 
fluvial sediments considered in this study plot in the alkaline basalt field in the Zr/TiO2 
against Nb/Y diagram (Fig. 5.21), thus confirming their original source.   
 
 
Figure 5.20. REY patterns of fluvial deposits considered in this study compared with 
sediment from the North Pine and Caboolture Rivers (Kamber et al., 2005). 
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Figure 5.21. Zr/TiO2 against Nb/Y discrimination diagram (from Winchester and Floyd, 
1977) showing the origin of fluvial deposits. 
 
Basaltic rocks outcrop extensively to the west and to the north of fluvial sites (Cohen et al., 
2007; Douglas et al., 2003; Ewart, 1982; Snelling, 2003), and Australian Tertiary basalts  
show REE patterns overall similar to those of Figure 5.20 (e.g. (Hagedorn et al., 2011; 
Martin and McCulloch, 1999; Walker, 1998).  
Patterns with LREE ˂ HREE dominated aeolian sediments with particle size ˃ 63m, 
however the degree of REE fractionation decreased for increasing mud fraction. The REE 
patterns of sand dune deposits at Beachmere were influenced by fluvial deposits, 
consistent with a local, fluvial sediment source for these dunes, and in contrast with the 
long-range transport of NSI dune deposits (Brooke et al., 2010; Lee et al., 2002; McGowan 
et al., 2008; Petherick et al., 2009; Ward, 2006). The aeolian sediments from NSI were 
supplied from the Lake Eyre and Murray–Darling Basins (Petherick et al., 2009). The Eu 
anomaly can be used to indicate the source of Australian aeolian deposits (Gallet et al., 
1998; Kylander et al., 2007), and aeolian deposits from NSI show a significant Eu anomaly 
(0.843) (Chapter 4), similar to that observed in Lake Eyre (Gingele et al., 2007; Marx et al., 
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2005) and in the Murray–Darling Basin (Marx and Kamber, 2010). Although this study can 
confirm the sources of these sediments from the Lake Eyre and Murray–Darling Basins, 
the distribution of heavy minerals led to an increase in LREE/HREE fractionation 
compared with the sediment sources, as noted in previous studies (Marx et al., 2009; 
McGowan et al., 2005).    
A unique REY pattern with enriched LREE was observed at some of the Burpengary sites, 
and the same pattern was noted by Morelli (2010) at a depth of 40 - 45 cm just to the 
south (Figures 5.22 and 5.23). This pattern was interpreted by Morelli (2010) as related to 
flooding events, however the grain size data generated in this study show that these 
sediments were deposited in an intertidal-marine environment. Figure 5.24 illustrates the 
different REY patterns produced along the Burpengary coastline during periods of fluvial 
and intertidal (marine) sedimentation. 
 
Figure 5.22. Location of sediment cores extracted from the Burpengary site in this study 
(BG1 to BG6) and the two cores discussed in (Morelli, 2010) (G36 and G37). 
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Figure 5.23. REY patterns of Burpengary intertidal sediments and core G37 sediments 
described in (Morelli, 2010). 
 
Figure 5.24. REY patterns along the Burpengary coastline during periods of (A) fluvial and 
(B) intertidal (marine) sedimentation. 
 
An analysis of historical flooding events, based on data from this study as well as Morelli 
(2010), revealed that grain size parameters do not appear to be affected by even 
significant floods. This is presumably because at least part of the sediment deposited 
during one flooding event may be removed during the next event or during large storms, 
and the net effects of these processes would be strongly dependent on local conditions 
(e.g., timing of the flood relative to tides, site elevation, exposure to prevailing currents, 
and distance from the coast). Irrespective of the nature and sequence of these processes, 
and unlike sea level oscillations, historical flooding events in Tinchi Tamba were not 
preserved in the sedimentary record and did not have any significant impact on grain size 
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parameters. Similarly, the changes in grain size distribution observed in the Burpengary 
estuary are unlikely to be related to flooding of the Burpengary creek, and can be ascribed 
to sea level fluctuations, as the low-lying parts of coastal estuaries are more strongly 
impacted by marine flooding (changes in sea level or tidal flooding) than river flooding 
(Nichols, 2009). Unfortunately, the fine details of sedimentary structures were not 
preserved in our cores, possibly because of the vibrations associated with coring or as a 
result of core extraction. 
From a chemical point of view, trace element distribution (e.g., Co/Th vs. Sc/Th and Th/Sc 
vs. La/Sc; see Fig. 5.25) revealed a mafic source (based on the data reported in Douglas 
et al. (2007) for the Moreton Bay catchments) for the majority of the Burpengary sediments 
(labelled as BG in Fig. 5.25), while layers influenced by sea level change (labelled as BG 
flood-tidal in Fig. 5.25) have different REY patterns and a distinct felsic composition (Fig. 
5.25).  
 
Figure 5.25. Compositional features of Burpengary sediments relative to the main rock 
types in the Moreton Bay catchments. Note that intertidal sediments (BG flood-tidal points) 
are compositionally different from fluvial deposits (BG points). 
 
Geological maps of the Burpengary area show that cores BG1, BG2, BG5, and BG6 were 
drilled in Quaternary deposits, while the Landsborough sandstone outcrops around BG3, 
BG4 and in the headwaters of Burpengary creek (Cox, 2000; Grimes, 1986; Lee et al., 
2002; Stephens, 1980). The two groups of sediments show different REY patterns, 
confirming their different sources and susceptibility to sea level fluctuations.  
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The Landsborough Sandstone formation in the Pumicestone region contains minerals 
such as albite, microcline, muscovite, and chlorite (Cox et al., 2000; Hodgkinson et al., 
2008). Although these minerals were found in many cores from the different sites, they do 
not appear to control REY patterns in the Moreton Bay region. Indeed the Burpengary 
sediments do not seem to be compositionally similar to any of the main lithologies 
outcropping in the Moreton Bay catchments (Table 5.2).  
Table 5.2. Major (weight percent) and trace element (ppm) composition of BG sediments 
(this study), and Landsborough Sandstone and Tertiary Basalts (Douglas et al., 2009). 
Oxide/Element 
Landsborough 
Sandstone 
Tertiary Basalt 
Volcanics 
BG-flood-
tidal 
Al2O3 19.86 25.18 46.28 
MgO 0.82 1.47 2.02 
Fe2O3 7.99 16.15 14.20 
CaO 0.48 0.43 3.38 
Na2O  0.62 0.43 5.34 
K2O  1.13 0.29 2.81 
TiO2  1.47 2.48 3.11 
P2O5 0.2 0.31 0.31 
MnO 0.13 0.12 0.11 
Ba  306 195 83.60 
Ce 64 80 43.54 
Co 12 28 5.48 
Cr  99 179 19.40 
Cu 22 47 4.14 
Ga 28 43 5.36 
La 32 36 21.34 
Ni 23 97 10.52 
Pb 21 <18  8.77 
Rb 76 14 15.18 
Sr 99 54 39.72 
Th 13 14 9.61 
U <13  <13 2.29 
V 111 173 32.63 
Y  23 31 6.74 
Zn  81 129 10.33 
Zr 181 390 65.16 
Moreover, REY in river waters (data not included in this thesis, and also data from 
Lawrence et al. 2006) of Burpengary Creek, Little Burpengary Creek and Caboolture River 
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are different from those observed in the intertidal deposits. In fact, the same REE patterns 
of the Burpengary intertidal deposits have been observed in modern coastal sediments at 
Keppel Bay in Queensland (Brooke et al., 2008b), over 500 km to the north of the 
Burpengary site.  
The strong positive relationship between LREE and P (R2=0.82) suggest that the 
LREE/HREE fractionation in intertidal-marine deposits at the Burpengary site may be 
caused by the presence of monazite (see Moreno et al., 2008). Heavy minerals such as 
monazite [(LREE)PO4] were identified along the coast to the east of Burpengary 
(Chittleborough et al., 1998; Lubke and Avis, 1999; Tejan-Kella et al., 1990; Thompson, 
1992), and the presence of this mineral in sediments is known to cause negative Eu 
anomalies and LREE enrichment (Janots et al., 2006; Köksal et al., 2013; Philpotts, 1970; 
Wood and Williams-Jones, 1994). Heavy minerals can be deposited during marine 
transgressions (Lee et al., 1988; Roy, 1999; Sawakuchi et al., 2009; Switzer and Jones, 
2008). Therefore, the unique REY pattern in the Burpengary site may caused by monazite 
eroded from other coastal areas and deposited at this site during a period of sea level rise. 
BG1, BG2, BG5 and some layers of BG4 were characterized by fluvial and intertidal REY 
patterns, while BG3 and BG4 were enriched in HREE (Fig. 5.26A). As noted in Chapter 4, 
changes in the mud fraction correlate with the degree of REY fractionation in these cores. 
The very high HREE enrichment in the top of BG6, however, is similar to that observed in 
NSI sediments (Fig. 5.26B), and is attributed to the presence of zircon, which is widely 
distributed across coastal areas of Southeast Queensland (Jaireth et al., 2014). 
 
Figure 5.26. (A) REY patterns of BG3 and BG4 sediments; (B) REY patterns of the top of 
BG6, showing the similarity with NSI (samples BM1 to 7). 
 
241 
 
5.10 Conclusions. 
Stratigraphic sequences were investigated across Moreton Bay catchments at the Tinchi 
Tamba wetlands, Beachmere, and Burpengary to identify the possibility of changes in the 
depositional environments related to Holocene sea level oscillations. Grain size statistical 
analyses showed significant differences between three depositional environments (fluvial, 
aeolian and intertidal-marine) and were used in this study to identify changes in sea level. 
In addition to grain size parameters, a number of statistical grain size statistical 
parameters allow the identification of several episodes of sea level rise across Moreton 
Bay.  
Where possible, the sediments were dated to reconstruct the sedimentary sequences and 
constrain the timing of sea level changes. The first sea level rise was recognized in the 
Tinchi Tamba wetlands at ~6800 years BP, shortly after the beginning of Holocene 
sedimentation. This was followed by a second sea level rise at ~5360 - 5100 years BP. In 
addition, a minor rise was dated at ~3477 years BP. This minor change could be 
correlated to a layer identified in the Beachmere coastal area dated at around 2900 years 
BP. However, it appears that the Beachmere shoreline progressed during the late 
Holocene. Another small oscillation at ~2005 - 1880 years BP was observed between 2 
and 2.5 m in Br3 when the shoreline progressed further towards the sea.  
Each depositional environment in this study shows distinct REY patterns. This supports 
the hypothesis that although REY are mostly inherited from their source lithologies, their 
abundances and patterns are partly controlled by depositional processes (e.g. mineral 
fractionation during transport) and environment conditions. 
The highest REY concentrations and the least fractionated REY patterns were observed in 
fluvial deposits with the highest percentage of mud. In contrast, aeolian deposits 
composed of almost 100% quartz sand had the lowest concentrations of REY, and their 
patterns can be described as enrichment in HREE. A unique LREE- enriched pattern was 
detected in the intertidal deposits at Burpengary. 
REY have been demonstrated to be reliable natural tracers to fingerprint different types of 
sediments in complex coastal environment such as Moreton Bay. They can be used to 
discriminate aquifer lithologies, and therefore have the potential to fingerprint the source of 
water available to the ecosystem and for human use.  
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Chapter 6 Conclusions and recommendations 
 
Moreton Bay of south east Queensland, Australia, is an important estuarine environment, 
and an ecologically significant peri-urban area that is experiencing fast population growth 
and significant urban development, and consequently heavy demand for water resources. 
The bay is a complex ecosystem, and there is an expectation that the bay’s environment 
and resources will be under stress in the near future. Different environmental tracers have 
been used in previous studies to detect the origin of sediments, water sources, and water 
uptake by plants, however these tracers may not be appropriate in complex estuarine 
environments such as the study area. While conventional geochemical tracers may not be 
adequate to characterize the different aquifers in such deposits, preliminary studies on 
rare earth elements and yttrium (REY) suggest that they may be used to discriminate 
aquifer lithologies, and therefore to fingerprint the source of water available to the 
ecosystem and for human use. Before this can be achieved, however, it is necessary to 
test the hypothesis that different depositional environments may have specific and distinct 
REY concentrations and patterns, and to establish the processes that control REY 
patterns in sediments.  
The focus of this study is on the geochemistry of Holocene deposits, specifically on the 
REY distribution in aeolian, fluvial and intertidal depositional environments. Thus, the main 
question answered in this study is whether the Holocene Moreton Bay estuarine deposits 
can be discriminated using REY, and therefore whether REY can be used as an effective 
natural chemical tracer of depositional environments. To achieve this goal, it was first 
necessary to fully characterize the sediments in terms of their stratigraphy and lithology, 
and to establish the sites’ absolute chronology. The temporal distribution of marine 
deposits across the sediment cores was used to constrain the timing of sea level 
fluctuations during the last ~7,000 years. 
The presence of organic matter in a geological sample is known to potentially interfere with 
sample preparation for wet chemical analysis using ICP methods, and therefore with 
geochemical results and REY distribution. A series of experiments was carried out early in 
this study to test this hypothesis and to quantify this potential impact.  
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6.1 Aim 1: Holocene stratigraphy of Moreton Bay.  
Coastal areas such as Moreton Bay are subject to the influence of sea level change over 
geological time. The available data from the literature suggest that the base of the Moreton 
Bay estuarine sequence is about 7,000 years old. The Holocene sedimentation history, 
however, is very poorly constrained. The first goal of this study was to establish if 
Holocene changes in sea level can be detected from the sedimentary and geochemical 
characteristics of the coastal sediments, and to reconstruct the chronology of seal level 
changes since the beginning of Holocene sedimentation at ~ 7,000 years BP. 
The grain size analyses (Chapters 3 and 5) revealed the presence of intertidal-marine 
deposits at different depths in Tinchi Tamba, Beerburrum, Beachmere, and Burpengary. 
Distinctive REY patterns were also found in intertidal-marine, fluvial and aeolian deposits. 
Thus, it was possible to construct a series of discrimination diagrams based on REY and 
grain size parameters (Chapter 5), and these diagrams were used successfully to 
discriminate the three different types of deposits identified in Chapter 3.  
Precise 14C age data from available materials in cores from Tinchi Tamba and Beachmere 
were correlated with grain size analyses to date the episodes of sea level rise at ~6800 
years BP,  between ~5360 - 5100 years BP and to a lesser extent between ~3477 and 
~2900 years BP, although this event was not very well constrained. Another small 
oscillation was identified between ~2005 and 1880 years BP in one of the Beachmere 
cores. The data generated in this study further constrain the timing of recent sea level 
fluctuations along the east coast of Australia, and show that the last ~7,000 years have 
been characterized by frequent and significant variability in sea level and therefore in 
climatic conditions. 
Furthermore, this study demonstrated that grain size parameters and REY patterns of 
estuarine sediments can be used as proxies for climate conditions. This is a particularly 
significant outcome, as it allows palaeoclimatic interpretations to be made even where the 
more widely-used materials used to derive climate proxies (e.g., corals, speleothems) are 
not available for analysis.  
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6.2 Aim 2: use of REY to geochemically fingerprint different depositional 
environments.  
Two hundred and sixty-four samples of estuarine Holocene sediments were collected to 
establish their geochemical composition, and to explore the factors controlling rare earth 
elements and yttrium (REY) abundances and fractionation patterns. Geochemical results 
(Chapter 4) showed that REY can be excellent tracers to discriminate different depositional 
environments, and that the clusters identified using grain size statistics (Chapter 3) 
coincide with those identified using geochemical data. Each depositional environment in 
this study showed distinct REY patterns which are largely inherited from their source 
lithologies. REY concentrations, however, are also correlated with grain size. The highest 
REY concentrations were found in fluvial sediments containing the largest proportion of 
mud, and REY patterns showed little fractionation and positive Eu anomalies. The REY 
patterns of samples containing more than ~80% mud were slightly convex to almost flat. In 
contrast, aeolian deposits with ~100% quartz sand had the lowest REY concentrations but 
were very enriched in HREE. Patterns with strong negative Eu anomalies and HREE 
depletion were characteristic of Burpengary deposits identified as intertidal-marine. The 
order of REY concentrations in the three depositional environments (fluvial, intertidal, and 
then aeolian) matched the distribution of Al, Mg, K, Na, Fe, Co, Cu, Ba, Sc, Sr, Th, V and 
Zn. 
Organic carbon content seems to control the slight fractionation of MREE in fluvial 
deposits of Tinchi Tamba, Beerburrum and Burpengary, while mud content is correlated 
with LREE/HREE fractionation. Increasing clay content corresponded to a decrease in 
La/Eu (LREE/MREE) fractionation and Y/Ho values. LREE/HREE fractionation in aeolian 
deposits was caused by the presence of heavy minerals such as zircon. 
Aeolian deposits from NSI contain almost only sand and have a negative Eu anomaly, 
while the fluvial samples from the Tinchi Tamba wetlands contain a high mud fraction and 
have positive Eu anomalies. Fluvial deposits have on average the highest values of 
Eu*/Eu (1.248) compared with aeolian sediments (0.843).  
The changes in grain size are correlated with changes in mineralogy. Plagioclase is 
relatively abundant in muddy sediments and is largely responsible for their Eu anomalies, 
and the smallest Eu anomalies coincide with the disappearance of kaolinite. REY patterns 
of Quaternary volcanics and Tertiary alkali basalts of the Moreton Bay region may have 
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negative Eu anomalies. Therefore, negative Eu anomalies may be inherited from Eu-
depleted felsic source rocks (e.g., in Burpengary) or may develop as the result of 
plagioclase alteration (e.g., in Tinchi Tamba). The negative Eu anomalies observed in 
sandy sediments from NSI may be related to the presence of monazite.  
Cerium anomalies were observed in sediments deposited in a marine environment, 
however these anomalies are also partly controlled by redox conditions and distribution of 
organic matter. Yttrium anomalies were strongly negative in some of the fluvial sediments, 
but only slightly negative in intertidal sediments. In contrast, Y/Ho>=1 values characterized 
aeolian sediments. Geochemical parameters such as REY, REE fractionations, REE 
ratios, Eu, Ce and Y anomalies, Fe, Mn, other major elements, and organic carbon content 
were plotted in different diagrams to test their ability to distinguish the different depositional 
environments identified in Chapter 3. These applications showed clear distinctive fields for 
fluvial and aeolian deposits, while the fields of intertidal-marine deposits partly overlap with 
those of fluvial deposits. In some instances, syn- and post-depositional processes (e.g., 
leaching, redistribution of organic matter) overprinted some of the original geochemical 
features inherited from the sediment sources and from the depositional environments. 
In summary, this study showed that REY in sediments are mostly inherited from their 
source rocks, however their abundances and patterns are partly controlled by depositional 
processes (e.g., mineral fractionation during transport and sorting of weathered sediments, 
type and amount of organic matter). Despite these complexities, each of the three different 
depositional environments of Moreton Bay had distinctive REY concentrations and 
patterns. Therefore, this study confirms that REY can be a powerful geochemical indicator 
of depositional environments even in a complex and dynamic setting such as a tidal 
estuary. 
 
6.3 Aim 3: sedimentary features of depositional environments.  
This study demonstrated that the three different depositional environments identified in 
Moreton Bay (fluvial, intertidal-marine and aeolian) have specific and distinct grain size 
characteristics, and these are consistent with REY geochemistry. Grain size statistics were 
first applied to modern sediments to test their ability to discriminate different depositional 
environments. These modern environments then provided baseline data to determine past 
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(unknown) depositional environments, and to identify sea level fluctuations during the 
Holocene. 
A range of bivariate diagrams presented in Chapter 3 for 351 sediment samples distributed 
across fluvial, aeolian, and marginal intertidal-marine depositional environments were 
tested using conventional statistical parameters such as the four parameters (mean, 
sorting, skewness, kurtosis), and QDa-MD, alongside with newly developed statistical 
parameters (D32 and D43). 
The results showed that sorting and skewness are very sensitive to changes in 
depositional environments. Kurtosis is a good indicator for high energy environments. The 
moment method of parameters (mean, sorting, skewness, and kurtosis) is more practical 
than the graphic method. The numerical method is preferable as it includes all grain size 
fractions. In contrast, the graphic method may lead to interpretative errors. 
The new parameters D32 and D43 are also successful in discriminating among fluvial, 
aeolian, and intertidal-marine environments. The QDa-MD diagram, however, achieved the 
best results, but only when the normal scale is used (instead of the conventional 
logarithmic scale), and when the four points (d10+d20+d80+d90) are used to calculate QDa 
instead of the normal quartiles. The plots of mean against sorting and D32 against D43 also 
show excellent discrimination. Multivariate statistical analysis of grain size data such as 
cluster analysis, principal components, and principal coordinates revealed the same 
clusters identified using the other grain size parameters.  
Grain size distribution curves were able to categorize two different groups of environments 
with unimodal distribution (intertidal and Aeolian) and one with bimodal distribution (fluvial). 
The width of particle size distribution showed that aeolian sediments have the narrowest 
width distribution compared with fluvial sediments.  
The parameters used to characterize different modern environments were also used to 
infer past Holocene depositional environments. This analysis revealed that and dunes 
(aeolian deposits) dominate the sedimentary record in cores from North Stradbroke Island 
and also in two cores from the Beachmere coastal area. Fluvial deposits were 
predominant in the Tinchi Tamba wetlands, Burpengary estuary and Beerburrum forestry, 
while intertidal-marine deposits were identified at different depths in all sites excluding 
North Stradbroke Island. 
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6.4 Aim 4: Influence of LOI methods and sample preparation on geochemical data.  
Geological and environmental investigations often require the analysis of organic carbon 
content or the removal of organic matter prior to chemical analysis. Dry oxidation (Loss on 
Ignition - LOI) is widely used as a simple method to estimate the percentage of organic 
carbon in sediments and soils. The method’s possible limitations, however, must be fully 
addressed, as they may lead to significant errors in the interpretation of paleoclimatic and 
paleoenvironmental data. Therefore, a set of experiments was carried out to test the 
influence of sample weight and heating time on LOI results. In addition, tests were carried 
out to identify any mineral phases that were lost during the heating process, and the 
accuracy of different equations used for the calculation of organic matter content from LOI 
data was tested on a range of certified reference materials. 
Three sets of experiments were designed in Chapter 2 to evaluate the impacts of sample 
size, heating time, and clay size content on LOI data. The results indicate that sample size 
has a significant impact on LOI at any temperature (105 °C, 550 °C and 950 °C), and 
therefore on calculated organic carbon content. In general, LOI data are not reliable for 
sample sizes smaller than 1 g and for sample sizes smaller than 3 g when samples 
contain larger than 30 wt% organic matter and 40 wt% moisture. 
Ignition times shorter than four hours also produce unreliable LOI results, but tests 
performed on a wide range of sediment standards confirmed that a temperature of 550 °C 
is sufficient to achieve complete organic matter decomposition in terrigenous sediments 
from different depositional environments (fluvial, aeolian, and intertidal). 
The third experiment outlined in Chapter 2 showed that clay-size content in samples had a 
very small influence on the calculated percentage of organic carbon, particularly for 
sediment samples containing less than 10% clay-size fraction. However the correlation 
between clay size content and organic matter in different terrigenous depositional 
environments across Moreton Bay was very poor and could not be precisely quantified.  
Comparison between certified and calculated (using equations reported in the literature) 
carbon content in certified reference materials demonstrated that none of the equations 
considered in this study could produce accurate values for a range of certified standard 
materials, and no single equation can be used to calculate organic carbon for different 
sediment types. Therefore, for an accurate determination of organic carbon content, the 
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LOI method should be calibrated and constrained with the direct measurement of organic 
carbon content using the standard analytical methods.  
Chapter 2 also included another set of experiments that were carried out to assess the 
impact of sample preparation on REY concentrations and patterns. This experiment was 
specifically aimed at testing different procedures for the removal of organic matter pre-
digestion procedure, and their effects on geochemical results, especial on REY 
concentrations and patterns. 
Three common oxidation agents or methods, dry (LOI) and wet (H2O2 and HNO3), as well 
as control samples (not treated to remove organic matter) were considered for different 
types of samples (siliciclastic sediments, plant matter and carbonate shells). 
Loss on ignition (LOI) and digestion with concentrated nitric acid achieved complete 
removal of organic matter and excellent REE recovery. Dissolution using hydrogen 
peroxide was unable to decompose all organic carbon and resulted in a decrease in REY 
concentrations. Results also showed that the removal of organic matter prior to analysis is 
not necessary for samples containing small amounts of organic matter (≤ 2.25%).  
None of the procedures (LOI, H2O2 and HNO3) caused REE fractionation. In contrast, the 
use of hydrogen peroxide caused Y/Ho fractionation, possibly due to the inability of this 
substance to decompose all organic matter and other compounds that may have an 
impact on Y distribution. 
Although LOI yielded slightly higher REE concentrations compared with HNO3, almost full 
recovery for trace elements and REE was achieved after using LOI or HNO3 to decompose 
organic carbon, but not with H2O2. Shell samples could not be destructed by LOI, and 
H2O2 did not result in complete dissolution.  
In summary, geological materials containing significant amounts of organic matter must be 
well characterized before chemical analyses are carried out, as the removal of organic 
matter prior to total digestion may lead to partial recovery of some environmentally 
significant elements.  
Removal of organic matter is necessary to achieve reliable grain size distribution data. A 
small experiment included in Chapter 3 showed that the method used for the removal of 
organic matter has significant effects on the particle size distribution curve. Hydrogen 
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peroxide caused an increase in the proportion of small particles compared with the actual 
size distribution, while LOI caused an increase in the average grain size due to the 
adhesion of particles together as aggregates. Such potential artefacts must be taken into 
account in the grain size statistical analysis.  
 
6.5 Limitations and further work. 
Moreton Bay area has variable surface water and shallow groundwater reservoirs hosted 
in Holocene deposits, and the geochemical and sedimentological characterization of these 
deposits is the first step towards the full characterization of the region’s water resources, 
and the understanding of the factors that control their chemistry. Waters, porewaters, and 
plant tissues were collected and analysed in the course of this project, however they could 
not be included in this thesis due to the thesis’s requirements and time constraints. The 
relationship between the geochemistry of the different depositional environments and the 
chemical characteristics of the waters in equilibrium with these deposits will be explored in 
future publications. The ultimate goal of this project will be to refine and use the 
geochemical tracers developed and tested in this thesis to establish the source of the 
water accessed by different types of vegetation and at different times of the year in a 
complex, multi-layered and laterally discontinuous set of coastal aquifers. 
The grain size results showed significant spatial and temporal variability in sediment 
distribution, and data from this study can be used to define an aquifer’s hydraulic 
properties and assist to reconstruct 3D geohydrological model for complex coastal 
Quaternary aquifers such as those that characterize the Moreton Bay region. Thus, this 
study demonstrates that a relatively small number of boreholes and relatively simple 
sedimentological analyses can provide the information necessary to generate realistic 
figures for the parameters necessary to generate a hydrogeological model. Furthermore, 
an understanding of the sediments’ depositional environment is essential to predict the 
lateral and vertical connectivity between different aquifers, and therefore to assess an 
area’s water budget.  
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X-RD results 
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Appendix III 
SEM-EDS results 
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MW1 at 124 cm depth  
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MW1 at 220 cm  
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MW2 at 34 cm 
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MW2 at 240 cm 
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MW3 at 103 cm 
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MW4 at 200 cm 
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Table 1. Distribution of some elements in sediment samples from Tinchi Tamba cores, 
determined by EDS 
Elements 
MW1 / 
124 cm 
MW1 / 
220 cm 
MW2 /  
34 cm 
MW2 / 
240 cm 
MW3 / 
103 cm 
MW4 / 
200 cm 
 Al 9.53 13.91 9.07 12.57 13.44 13.7 
 Ca 
  
0.62 0.06 0.84 1.36 
 Cl 
  
0.85 1.18 1.25 1.53 
 Fe 5.39 2.4 19.43 31.33 8.51 16.17 
 K  0.84 2.4 4.89 4.21 2.20 3.3 
 Mg 0.67 1.09 0.64 0.77 1.39 1.5 
 Mn 
  
0.06 
  
0.35 
Na 0.44 0.71 2.01 1.062 2.05 2.31 
 O 36.39 33.3 20.53 18.66 25.44 26.32 
 P 
   
0.06 
 
0.06 
 S 0.096 
 
0.633 0.29 1.58 0.45 
 Si 46.33 40.07 37.55 28.40 38.07 31.77 
 Ti 0.28 
 
3.676 1.32 1.25 0.84 
 V  
   
0.03 
   Zn 
     
0.26 
 Zr 
    
3.92 
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Appendix IV 
Preparation of samples for geochemical analysis 
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1. Procedure for hot plate sediment digestion 
 
1. Add 1 ml Milli-Q water + 1 ml HNO3
* in new Teflon vessels and leave those on 
hotplate overnight at 140 °C to prepare those Teflon. 
2. Throw out (1 ml Milli-Q water + 1 ml HNO3
*) and leave the Teflon in fume hood to 
dry.  
3. Dry sediment samples in an oven at 105 °C for three hours. However, some 
samples may need to remove their organic matter by Loss on ignition (LOI), which 
means they putted again in the oven for 4 hours at 550 °C. LOI could be 
recommending for sample contains high amount of organic matter, where usually 
the top soil layer 0 - 25 cm depth. 
4. Weigh accurately 0.1 g of dry sample and transfer to clean Teflon vessel using a 
clean spatula. Weigh sample on weighing paper, making sure that all the samples 
are transferred to the vessel. Add a drop of Milli-Q water in Teflon before transfer 
the sample may prefer to avoid losing any particle from this sample.  
5. Add 3 ml concentrated HNO3
** (double distilled) to samples by using a new acid 
washed pipette tip. Close the lid and leave them overnight without heating. 
6. Leave Teflon open on a hotplate for about 6 - 7 hours at 60 °C.  
7. Cap Teflon and reflex them overnight on hotplate at 140 °C. 
 
*Those steps should remove any organic matter contain into samples. In fact, 
different procedures were trying in this project for removing organic matter from 
samples. One of them was remove organic materials by LOI as it mentioned in step 
3 and the second was by adding 1 - 2 ml H2O2 and leave them some minutes until 
reaction had been finished. Cap the lids of Teflon. Samples put on hotplate at about 
60 °C for overnight. After that, evaporate the samples on hotplate at 90 °C.  
 
Next that all samples should be ready to the next step after organic matter was removed. 
8. Take Teflon out hotplate to cool down.  
9. Centrifuge all Teflon on 3000 rmp for 5 minutes. 
10. Transfer the liquid in a smaller Teflon vessel and use a new pipette tip for each 
sample to avoid any contamination. Store the smaller Teflon with closing the lid. 
However, small test had been done to check if we should keep or separate solution 
in this stage. Our data show there is some change in concentrations of some 
elements, but that change was not signification.  
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11.  Evaporate down the remaining solid residue (in the original vessel) to incipient 
dryness at ~90 °C. 
12.  Add 1 ml HNO3
** + 3 ml concentrated HF. gently swirling the contents in Teflon. 
Leave vessel on hotplate at 140 °C overnight. The purpose of this step is to reduce 
the concentration of Ca, Al and Mg to minimize the formation of insoluble Al-Mg-Al 
fluorides. 
13.  Rinse the contents of the lid into the original vessel with minimal amount of Milli-Q. 
This step recommended for each step before evaporate the Teflon. 
14.  Dry the samples in the vessels at ~90 °C. 
15.  Add 2 ml 6 M HCl** (i.e. 1 ml concentrated HCl** + 1 ml Milli-Q), gently swirl the 
contents, cap the lids on tightly, and put on hotplate at 140 °C overnight. This step 
converts insoluble fluorides into chlorides. 
16. Evaporate the samples on hotplate at ~90 °C to incipient. 
* If some samples did not dissolve until this step and the remaining looks like particle 
grains, repeat steps 11-14 may recommended before adding 2 ml 6 M HCl**. However, 
if sample contains a jelly, repeat just steps 15 and 16.  
 
* If some samples dissolve and other samples do not dissolve, always repeat the steps 
for all samples include blanks and standards which dissolved or not. 
 
17. Add 1ml HNO3
** to the original Teflon and leave them on hotplate at 140 °C for 3 
hours. 
18. Cool down the vessels. 
19. Return all liquid in the smaller Teflon from step 9 to the original vessel. Leave them 
on hotplate overnight at 140 °C. 
20. Evaporate all samples at 90 °C. 
21. Add 5 ml 6 M HNO3
** (i.e. 0.5 ml of HNO3
** and 4. 5 ml Milli-Q), gently swirl all 
contents, close the lid of vessels tightly and leave on the hotplate overnight at 140 
°C. This step ensures all chlorides are converted to soluble nitrates. 
22. Weigh accurately empty acid-washed 10 ml ICP tubes. 
23. Quantitatively transfer each sample into a separate pre-weighed tube, rinsing the 
Teflon vessel and the lid with minimal Milli-Q. Take care not to overshoot the “10 ml. 
24. Make up to “10 ml with 2% HNO3. 
25. Reweigh the “tube + sample” solution. The difference in weight is the final “sample 
make-up volume”. This final solution contains 5% nitric acid. 
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Quality control: 
The following quality control samples for each batch were carried out through the entire 
procedures: 
1) Digestion blank: two vessels without sediment samples. 
2) Duplicate preparation: a minimum of one duplicate preparation is done each batch. 
3) Certified standard reference material (preferably of similar composition to unknown 
samples). Three selected standards (AGV-2 Andesite, W2, MESS-3 marine sediment, 
JSO-1 Japanese soil uncontaminated or JSO-2 Japanese soil contaminated) have been 
used for each batch. 
 
2. Procedure for General ICP-MS Sample Preparation (Sediments) Procedure. 
 
For all Samples, Standard reference materials, and digestion blanks: 
1. Weigh accurately to 0.00001 g empty 10 ml ICP-MS tubes (including the lid). 
Record the “empty” weights. 
2. Add 0.25 ml of the original digest solution using a clean pipette tip for each sample. 
3. Close the lid and re-weigh. Record the weight. The difference between the weights 
from Step 2 and Step 1 is the sample aliquot weight. 
4. Add 1 ml of stock 60 ppb internal 6Li, 61Ni, Rh, In, Bi, 235U and Re standard using a 
clean pipette tip and a 1000 μl micro-pipette. 
5. Close the lid and re-weigh. Record the weight again. 
6. Make-up to “10 ml mark” with 2% HNO3**. 
7. Close the lids, and re-weigh accurately. Record the weight. The difference between 
the weights from Step 7 and Step 1 is the “total ICP-MS sample solution weight”. 
This solution contains ~1.02% nitric acid and 6 ppb internal 6Li, 61Ni, Rh, In, Bi, 235U 
and Re standard. The original digest solution has been diluted ~1:40. 
 
Therefore, the final dilution ratio (sample/solution) is effectively ~1:4000 (i.e. ~0.1 g sample 
to 400 g solution). 
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ICP-MS monitoring solution and monitoring blanks. 
1. Prepare a Monitoring Solution using a clean 125 ml PP bottle. This solution will be 
used to monitor the stability of the instrument run and for external drift correction. 
2.  Put 2.5 ml mixed rocks monitor, which usually had taken from each sample tube 
from Step 7 above, into the 125 ml bottle. 
3. Add 12 ml spike internal 6Li, 61Ni, Rh, In, Bi, 235U and Re standard. 
4. Make up to 120 ml with 2% HNO3. 
5.  Decant 10 ml of the Monitor solution from Step 4 into clean 10 ml ICP-MS tube at 
an interval of 1 monitoring solution as describe in ”ICP-MS analysis sequence” 
below. 
6. Make-up monitoring blank (“calblk”) by adding 15 ml of stock 60 ppb internal 6Li, 
61Ni, Rh, In, Bi, 235U and Re standard into a clean 125 ml PP bottle and make up 
with 150 ml of 2% HNO3 , which means (1 spike:10 of 2% HNO3) .  
This solution will be used to monitor “carry over” from sample to sample during the 
instrumental run. This amount of calblk solution is enough for ~90 - 100 samples. An 
interval of 1 calblk solution can be seen in ”ICP-MS analysis sequence” as well. 
7. Prepare four monitoring calibration into 10 ml ICP-MS tube. Put 2 ml monitor (W-2a, 
W-2b, BIR-1 and Be) each one in different tubes.  
8. Prepare other four tubes of monitoring calibration for samples from multi-elements. 
Add multi-elements solution 0.05, 0.2, 0.5, and 1 ml in different ICP-MS tubes.  
9. Add 1 ml spike internal 6Li, 61Ni, Rh, In, Bi, 235U and Re standard for each tube from 
steps 7 and 8. 
10. Make up those tubes to 10 ml with 2% HNO3
*. 
 
 
ICP-MS analysis sequence. 
The following is the ICP-MS analysis sequence as entered into the PlasmaLab software. 
The sequence always ends with monitor and calblk solutions.  
The Calibration blank and W-2 sample solutions are usually prepared by the lab 
technician. 
Calibration blank (used to “zero” the instrument) 
W-2 diabase (used for analyse calibration response curve). 
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Analysis sequence: 
Blank-1 Sample18 
Mon-1 Mon-6 
STD-W2 Blank-6 
STD - BIR-1 Sample19 
Mon-2 Sample20 
Blank-2 Sample21 
Sample1 Sample22 
Sample2 Sample23 
Sample3 Sample24 
Mon-3 Sample25 
Blank-3 Mon-7 
Sample4 Blank-7 
Sample5 Sample26 
Sample6 Sample27 
Sample7 Sample28 
Mon-4 Sample29 
Blank-4 Sample30 
Sample8 Sample31 
Sample9 Sample32 
Sample10 Sample33 
Sample11 Mon-8 
Sample12 Blank-8 
Mon-5 …8 samples per block here onwards 
Blank-5 
Sample13 
Sample14 
Sample15 
Sample16 
Sample17 
 
Note that all samples, standard reference materials, digestion blanks, monitoring solution 
and monitoring blank solutions (calblks) must contain the same internal standard and nitric 
acid concentrations 
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3. Procedure for General ICP-OES Sample Preparation Procedure 
 
1. Put ICP-OES tubes (10 ml) on bath of 5% HNO3 for a week. HNO3 should be inside 
those Falcons and cap their lids. Leave them in this bath. 
2. Throw HNO3 from tubes and clean them with Milli-Q water. 
3. Boiling the tubes in Milli-Q water on hotplate for three hours. 
4. Dry the tubes in fume hood. 
 
 
4. General ICP-OES Sample Preparation Procedure major elements (Fe, Mg, Mn, Ca, 
Al, Ti, Na, K, P) 
 
1. Weigh empty 10 ml ICP-OES tube, record weight. 
2. Add 1 ml (~1 g) samples into the tubes by using clean pipette tip for each sample. 
3. Reweigh again; the different between first step and this step was weight of the 
samples. 
4. Make up to “10 ml mark” with 2% HNO3. 
5. Reweigh all tubes and record the total weight (empty tube + sample + 5% HNO3). 
 
Samples had analysis by ICP-OES version optima 8300 and Thermo Electron X-7 
Series quadrupole ICP-MS. 
 
 
 
 
 
 
 
 
382 
 
 
 
 
 
 
 
 
 
Appendix V 
14
C data 
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Preparation of samples for dating. 
 
Suitable material was found in seven cores at different depths from Tinchi Tamba and 
Beachmere.  
 
1. Wood, charcoal and shell samples were hand-picked using plastic tweezers.  
2. Milli-Q water was used to remove foreign material and sediment particles adhered to 
the samples. 
3. Samples were dried for 2 hours at 60 °C to remove any moisture from step 2. 
4. Samples were weighted and sent to the laboratory for analysis. 
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Materials dated by AMS at ANSTO. 
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Materials dated by AMS at The University of Waikato in New Zealand. . 
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Appendix VI 
Geochemical data
 Geochemical Data- Sediment Rare Earth Elements (REY) (ppm) 
Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
MW1 
15 38.936 34.600 79.233 9.691 38.583 8.401 1.962 1.185 7.427 6.817 1.340 3.695 0.544 3.381 0.499 
46 16.165 16.992 32.353 3.775 14.369 3.079 0.827 0.443 2.643 2.693 0.557 1.661 0.262 1.746 0.276 
102 12.133 13.163 22.065 2.546 9.749 2.132 0.621 0.317 1.872 1.951 0.411 1.221 0.193 1.274 0.201 
125 12.250 12.807 23.587 2.770 10.592 2.285 0.669 0.335 1.987 2.025 0.422 1.242 0.196 1.285 0.199 
146 9.028 5.707 10.632 1.292 5.045 1.143 0.424 0.208 1.122 1.361 0.302 0.934 0.151 1.016 0.164 
167 24.805 23.205 49.580 5.990 23.650 5.334 1.173 0.748 4.475 4.460 0.896 2.593 0.403 2.610 0.393 
200 20.914 21.521 46.121 5.404 20.916 4.241 0.802 0.570 3.575 3.436 0.720 2.154 0.346 2.286 0.359 
248 30.415 27.251 63.095 7.197 27.821 5.341 1.075 0.780 5.031 4.650 0.984 2.870 0.432 2.668 0.419 
MW2 
20 21.835 19.994 47.696 6.005 24.551 5.519 1.364 0.753 4.805 4.369 0.870 2.472 0.376 2.425 0.367 
60 15.429 16.530 30.680 3.581 13.554 2.759 0.670 0.400 2.380 2.505 0.538 1.633 0.263 1.762 0.277 
82 13.417 19.050 30.057 3.259 11.944 2.408 0.589 0.349 2.034 2.193 0.471 1.440 0.232 1.547 0.243 
150 20.899 20.405 42.374 5.295 20.824 4.691 1.109 0.647 3.921 3.891 0.792 2.305 0.362 2.373 0.361 
190 24.735 26.445 63.132 7.628 30.615 6.657 1.568 0.894 5.736 5.043 0.978 2.719 0.406 2.596 0.386 
210 15.548 18.870 37.375 4.164 16.031 3.354 0.703 0.444 2.793 2.607 0.526 1.530 0.241 1.584 0.243 
240 15.210 14.821 30.997 3.670 14.342 3.098 0.639 0.430 2.623 2.635 0.552 1.659 0.266 1.781 0.277 
MW3 
4 21.776 18.060 40.327 5.031 20.605 4.671 1.214 0.672 4.321 3.878 0.776 2.169 0.321 2.050 0.308 
16 15.994 14.328 30.466 3.760 15.004 3.390 0.904 0.488 3.081 2.851 0.573 1.599 0.240 1.532 0.230 
36 13.819 10.758 23.693 3.058 12.560 3.010 0.792 0.440 2.670 2.602 0.522 1.486 0.229 1.468 0.218 
56 14.818 12.253 26.352 3.330 13.448 3.105 0.854 0.454 2.775 2.719 0.555 1.589 0.243 1.586 0.240 
84 26.307 33.459 84.761 10.426 41.592 9.113 2.119 1.082 7.079 5.919 1.089 2.943 0.436 2.822 0.409 
103 11.667 9.564 20.064 2.477 9.800 2.254 0.649 0.344 2.031 2.103 0.433 1.278 0.202 1.335 0.206 
143 85.850 53.966 140.458 17.206 70.885 14.844 3.817 2.682 17.326 15.775 3.252 8.926 1.264 7.301 1.089 
193 16.137 13.570 27.447 3.365 13.521 2.989 0.832 0.460 2.830 2.723 0.555 1.553 0.230 1.432 0.211 
270 32.568 35.074 84.524 10.211 40.699 9.360 2.108 1.236 7.672 7.098 1.359 3.803 0.581 3.798 0.560 
 
 
MW4 
 
 
 
15 32.895 32.000 72.071 8.136 31.808 6.779 1.743 1.046 6.574 5.985 1.160 3.134 0.442 2.621 0.374 
50 12.262 9.703 19.529 2.405 9.620 2.137 0.621 0.331 2.002 2.050 0.430 1.271 0.199 1.311 0.203 
80 12.697 11.594 23.016 2.831 11.142 2.379 0.662 0.352 2.137 2.154 0.450 1.338 0.212 1.381 0.216 
160 47.018 35.139 90.706 10.938 44.512 9.797 2.482 1.512 9.694 8.691 1.724 4.732 0.684 4.144 0.610 
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Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
MW4 
200 11.153 11.969 23.278 2.803 11.170 2.375 0.770 0.347 2.199 2.020 0.404 1.131 0.165 1.037 0.156 
240 21.072 22.866 53.248 6.099 24.048 5.148 1.220 0.702 4.537 4.013 0.788 2.165 0.324 2.024 0.305 
290 21.026 21.895 47.621 5.580 21.783 4.677 1.061 0.651 3.995 3.824 0.770 2.210 0.346 2.218 0.346 
330 23.500 26.314 56.353 6.484 25.401 5.070 1.168 0.673 4.400 3.893 0.795 2.256 0.341 2.130 0.330 
MW5 
10 50.807 45.113 146.977 18.297 78.053 19.076 4.584 2.378 15.454 12.906 2.362 6.234 0.894 5.634 0.789 
30 16.958 14.613 33.414 4.039 16.435 3.757 0.916 0.541 3.253 3.279 0.671 1.991 0.317 2.083 0.312 
40 15.712 14.874 31.007 3.638 14.193 3.009 0.728 0.438 2.609 2.713 0.573 1.719 0.276 1.820 0.283 
60 16.769 16.446 31.897 3.654 13.960 2.903 0.704 0.433 2.534 2.713 0.584 1.774 0.288 1.896 0.299 
81 15.627 15.645 30.020 3.470 13.180 2.735 0.680 0.406 2.358 2.551 0.548 1.673 0.272 1.805 0.283 
120 19.652 20.905 42.017 4.904 19.165 4.182 0.968 0.583 3.520 3.520 0.728 2.141 0.338 2.216 0.340 
132 21.239 21.619 45.505 5.366 20.998 4.591 1.041 0.643 3.890 3.865 0.791 2.324 0.364 2.369 0.361 
150 20.327 18.435 38.449 4.441 17.052 3.542 0.592 0.540 3.155 3.389 0.720 2.164 0.350 2.286 0.350 
170 20.884 18.719 39.314 4.549 17.535 3.661 0.612 0.556 3.249 3.469 0.735 2.210 0.354 2.311 0.352 
185 21.297 22.854 44.387 4.866 18.606 3.847 0.693 0.568 3.402 3.526 0.741 2.214 0.353 2.290 0.350 
220 28.607 26.682 61.308 6.802 26.746 5.554 1.122 0.806 4.988 4.823 0.996 2.875 0.439 2.784 0.419 
MW6 
 
 
 
 
10 26.601 29.035 61.959 7.244 28.525 5.956 1.379 0.837 5.318 4.739 0.945 2.615 0.385 2.366 0.349 
30 21.783 23.182 49.777 5.837 23.034 4.825 1.161 0.694 4.343 3.946 0.790 2.202 0.326 2.031 0.302 
50 16.151 15.979 32.606 3.913 15.390 3.326 0.814 0.477 2.882 2.862 0.596 1.770 0.283 1.836 0.282 
70 8.507 10.002 19.863 2.382 9.421 1.972 0.557 0.266 1.688 1.553 0.315 0.908 0.141 0.915 0.139 
90 6.022 6.077 10.877 1.365 5.290 1.167 0.488 0.172 1.003 1.052 0.219 0.614 0.097 0.676 0.098 
100 6.543 10.411 16.314 1.710 6.349 1.354 0.527 0.192 1.169 1.154 0.241 0.717 0.111 0.754 0.116 
120 11.176 11.127 22.600 2.830 10.440 2.184 0.674 0.309 1.844 1.873 0.384 1.090 0.174 1.200 0.176 
140 17.274 14.996 31.730 3.966 16.284 3.620 0.962 0.540 3.346 3.130 0.632 1.778 0.270 1.719 0.253 
180 24.317 19.925 43.598 5.308 21.516 4.627 1.197 0.694 4.371 4.057 0.837 2.364 0.358 2.260 0.340 
210 19.709 16.258 37.318 4.618 18.866 4.139 1.109 0.619 3.879 3.586 0.723 2.036 0.309 1.937 0.288 
261 12.478 12.178 25.138 3.165 12.728 2.785 0.748 0.397 2.421 2.302 0.467 1.336 0.205 1.325 0.197 
295 17.001 16.624 32.482 3.840 15.323 3.281 0.917 0.495 3.055 2.865 0.585 1.679 0.255 1.637 0.249 
330 22.103 21.561 45.075 5.357 21.424 4.585 1.159 0.671 4.182 3.880 0.784 2.234 0.343 2.169 0.328 
350 27.972 20.563 44.884 6.069 24.551 5.322 1.420 0.783 4.717 4.739 0.967 2.661 0.413 2.762 0.399 
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Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
MW6 
380 6.892 5.905 14.105 1.818 7.660 1.853 0.478 0.319 1.776 1.943 0.401 1.148 0.178 1.132 0.171 
410 20.892 21.995 47.116 5.683 22.378 4.689 1.214 0.684 4.376 4.061 0.828 2.300 0.343 2.275 0.329 
430 19.409 17.687 39.527 4.919 20.115 4.399 1.119 0.645 4.018 3.723 0.751 2.131 0.326 2.091 0.316 
470 9.608 5.913 16.131 2.253 9.941 2.507 0.653 0.427 2.458 2.589 0.532 1.531 0.235 1.505 0.223 
MW7 
22 17.291 15.462 33.979 4.297 17.585 4.006 1.047 0.547 3.436 3.244 0.658 1.905 0.295 1.938 0.296 
40 11.437 11.104 22.560 2.774 10.968 2.396 0.715 0.342 2.099 2.060 0.421 1.249 0.194 1.309 0.201 
103 12.641 15.357 27.155 3.157 12.392 2.780 0.788 0.392 2.396 2.355 0.474 1.377 0.213 1.410 0.213 
110 11.311 14.084 27.896 3.370 13.287 2.940 0.828 0.386 2.447 2.221 0.434 1.230 0.186 1.232 0.185 
175 20.356 18.245 37.849 4.586 18.397 4.043 1.064 0.608 3.806 3.583 0.723 2.049 0.305 1.940 0.287 
210 28.717 26.760 55.721 6.785 27.154 5.846 1.468 0.857 5.461 5.024 1.010 2.840 0.418 2.653 0.394 
260 17.081 15.384 30.729 3.691 14.583 3.169 0.833 0.491 2.970 2.986 0.618 1.790 0.272 1.746 0.264 
275 17.187 16.325 31.878 4.097 16.236 3.566 0.931 0.524 3.314 3.041 0.609 1.719 0.252 1.592 0.235 
300 24.004 20.697 42.278 5.304 21.358 4.745 1.189 0.711 4.471 4.178 0.846 2.384 0.351 2.220 0.328 
365 17.585 20.268 39.229 4.703 18.581 4.016 1.007 0.556 3.595 3.160 0.627 1.743 0.254 1.596 0.235 
MW8 
20 33.020 29.722 69.530 8.359 33.429 7.137 1.818 1.093 6.882 6.172 1.207 3.280 0.472 2.875 0.421 
40 22.941 19.664 48.038 6.268 26.314 6.206 1.567 0.847 5.316 4.831 0.954 2.677 0.410 2.647 0.398 
80 14.818 14.709 29.708 3.686 14.683 3.212 0.822 0.451 2.778 2.624 0.535 1.548 0.242 1.577 0.241 
100 11.650 16.203 27.726 3.144 12.177 2.638 0.788 0.383 2.410 2.304 0.475 1.346 0.207 1.370 0.205 
120 17.844 17.180 36.352 4.584 18.401 4.175 1.019 0.587 3.598 3.398 0.683 1.958 0.301 1.961 0.293 
140 18.775 16.052 36.628 4.670 19.394 4.450 1.044 0.608 3.875 3.432 0.684 1.926 0.289 1.835 0.273 
160 35.574 29.449 71.422 8.424 33.754 6.826 1.736 1.043 6.753 5.903 1.193 3.272 0.478 2.874 0.429 
172 17.988 15.541 30.200 3.827 15.217 3.313 0.923 0.508 3.163 2.945 0.601 1.689 0.252 1.570 0.237 
190 20.949 20.203 47.299 5.707 23.061 4.901 1.324 0.714 4.677 3.915 0.760 2.033 0.293 1.777 0.258 
220 13.045 11.980 24.986 3.090 12.307 2.738 0.704 0.394 2.457 2.276 0.463 1.322 0.203 1.292 0.194 
240 19.538 17.434 39.771 4.648 18.805 4.131 1.024 0.604 3.775 3.478 0.701 1.983 0.301 1.901 0.288 
260 17.892 19.304 40.460 4.856 19.127 4.012 1.049 0.586 3.725 3.450 0.707 1.971 0.293 1.885 0.275 
294 14.194 13.985 28.913 3.388 13.424 2.955 0.835 0.435 2.711 2.504 0.508 1.431 0.215 1.355 0.205 
325 8.294 10.121 20.553 2.533 10.120 2.138 0.460 0.287 1.795 1.682 0.349 1.038 0.166 1.112 0.175 
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Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
BG1 
15 51.087 46.277 110.375 12.139 48.417 10.074 2.530 1.498 9.905 8.369 1.640 4.353 0.601 3.536 0.508 
50 4.189 6.001 10.487 1.111 4.036 0.812 0.196 0.118 0.699 0.717 0.149 0.441 0.072 0.478 0.074 
75 5.001 6.550 13.885 1.676 6.580 1.400 0.285 0.174 1.163 0.979 0.191 0.537 0.082 0.542 0.082 
100 8.153 26.726 58.969 6.936 26.043 4.419 0.424 0.326 2.701 1.578 0.294 0.819 0.123 0.782 0.118 
135 6.856 12.809 25.581 2.856 10.955 2.057 0.388 0.243 1.712 1.309 0.260 0.721 0.113 0.710 0.110 
140 4.776 4.901 10.317 1.158 4.420 0.937 0.240 0.139 0.864 0.839 0.173 0.507 0.078 0.505 0.077 
BG2 
25 22.945 23.484 56.928 6.860 27.493 5.880 1.366 0.801 5.306 4.506 0.864 2.354 0.339 2.091 0.306 
50 17.804 15.173 33.367 4.142 16.471 3.799 0.956 0.557 3.346 3.370 0.680 1.980 0.308 2.013 0.303 
97 8.427 37.505 74.419 8.455 31.597 5.451 0.525 0.366 3.281 1.674 0.299 0.838 0.129 0.854 0.131 
120 8.396 10.535 24.083 3.048 12.459 3.131 0.710 0.376 2.379 2.132 0.399 1.146 0.187 1.308 0.191 
145 6.189 23.574 46.040 4.876 16.969 2.573 0.305 0.236 1.732 1.224 0.226 0.614 0.091 0.582 0.089 
160 30.319 32.472 64.935 7.205 28.427 5.751 1.423 0.827 5.423 4.764 0.966 2.667 0.394 2.418 0.365 
BG3 
10 5.026 3.780 8.160 0.885 3.283 0.686 0.119 0.123 0.665 0.799 0.172 0.510 0.083 0.525 0.079 
30 7.378 5.638 12.832 1.423 5.355 1.152 0.215 0.190 1.058 1.216 0.260 0.782 0.127 0.830 0.126 
65 13.566 13.143 27.781 3.075 11.313 2.254 0.395 0.343 1.921 2.216 0.483 1.485 0.251 1.638 0.254 
100 13.881 8.998 18.838 2.436 9.559 2.063 0.492 0.332 1.793 2.207 0.491 1.523 0.253 1.681 0.260 
132 12.563 8.436 17.816 2.139 8.298 1.685 0.400 0.280 1.499 1.944 0.440 1.374 0.231 1.526 0.240 
BG4 
10 18.195 17.995 42.876 5.294 21.382 4.742 1.206 0.652 4.048 3.748 0.729 1.993 0.302 1.923 0.284 
40 12.268 12.091 24.812 2.940 11.357 2.356 0.604 0.339 2.051 2.112 0.446 1.328 0.216 1.409 0.222 
70 13.155 16.880 33.707 3.877 14.532 2.790 0.605 0.368 2.287 2.237 0.474 1.433 0.229 1.516 0.239 
92 6.787 5.462 10.559 1.207 4.593 0.941 0.221 0.158 0.862 1.045 0.237 0.758 0.130 0.895 0.145 
110 6.487 5.524 10.308 1.136 4.184 0.835 0.199 0.145 0.774 0.979 0.225 0.727 0.129 0.891 0.147 
BG5 
15 8.015 9.592 19.603 2.269 8.745 1.773 0.469 0.247 1.554 1.456 0.296 0.834 0.128 0.804 0.122 
35 11.045 10.039 20.251 2.463 9.657 2.090 0.576 0.313 1.859 1.926 0.402 1.190 0.188 1.239 0.194 
52 5.951 14.272 30.556 3.539 13.207 2.426 0.361 0.245 1.776 1.256 0.232 0.638 0.096 0.629 0.097 
100 11.280 14.156 26.056 2.827 11.026 2.155 0.544 0.297 2.005 1.691 0.337 0.943 0.138 0.866 0.131 
160 12.333 15.190 31.705 3.713 14.549 3.024 0.732 0.400 2.637 2.272 0.451 1.259 0.189 1.206 0.183 
200 4.247 4.673 9.956 1.137 4.446 0.915 0.241 0.129 0.809 0.753 0.155 0.440 0.068 0.432 0.066 
              
392 
 
Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
BG6 
30 10.207 3.941 6.843 0.692 2.443 0.560 0.106 0.185 0.800 1.408 0.344 1.084 0.177 1.091 0.167 
90 6.931 22.440 45.074 4.860 17.452 2.791 0.290 0.258 1.868 1.353 0.265 0.754 0.123 0.811 0.132 
120 4.474 12.181 24.715 2.743 9.973 1.780 0.235 0.178 1.290 0.915 0.175 0.492 0.078 0.504 0.080 
150 7.084 12.647 24.983 2.749 10.240 2.163 0.333 0.267 1.791 1.401 0.273 0.773 0.125 0.796 0.126 
BM1 
20 0.677 0.491 1.015 0.114 0.432 0.087 0.011 0.016 0.086 0.105 0.024 0.072 0.012 0.083 0.013 
100 0.848 0.394 0.817 0.092 0.353 0.076 0.014 0.017 0.084 0.122 0.028 0.093 0.017 0.120 0.020 
190 1.588 0.640 1.405 0.165 0.649 0.147 0.027 0.033 0.157 0.234 0.055 0.175 0.030 0.202 0.032 
BM2 
15 7.105 7.881 17.268 2.002 7.519 1.505 0.210 0.204 1.305 1.193 0.251 0.728 0.118 0.796 0.118 
45 1.329 1.320 2.548 0.293 1.016 0.176 0.027 0.030 0.157 0.204 0.046 0.142 0.025 0.177 0.026 
65 2.432 1.116 2.166 0.240 0.872 0.196 0.039 0.049 0.226 0.354 0.084 0.277 0.051 0.372 0.063 
150 4.633 2.629 5.249 0.601 2.186 0.384 0.046 0.081 0.375 0.611 0.154 0.516 0.094 0.648 0.108 
BM3 
20 1.041 0.378 0.751 0.083 0.310 0.070 0.015 0.020 0.085 0.150 0.036 0.115 0.020 0.137 0.022 
100 0.854 0.610 1.269 0.142 0.527 0.104 0.016 0.019 0.101 0.129 0.029 0.092 0.016 0.107 0.018 
188 1.731 1.721 3.242 0.361 1.301 0.232 0.041 0.038 0.208 0.258 0.059 0.189 0.033 0.225 0.035 
217 2.473 3.793 6.653 0.754 2.670 0.475 0.086 0.065 0.374 0.402 0.088 0.275 0.047 0.313 0.049 
255 13.226 18.922 33.196 3.710 12.847 2.081 0.412 0.285 1.563 1.945 0.461 1.497 0.262 1.792 0.290 
BM4 
20 1.294 0.912 1.818 0.206 0.747 0.152 0.026 0.029 0.149 0.196 0.044 0.140 0.023 0.159 0.025 
80 1.577 1.011 2.130 0.247 0.918 0.176 0.022 0.034 0.176 0.230 0.053 0.164 0.027 0.174 0.026 
145 3.986 6.400 12.322 1.367 4.783 1.001 0.194 0.153 0.839 0.861 0.161 0.439 0.068 0.439 0.068 
170 2.158 4.091 7.792 0.856 3.056 0.544 0.063 0.064 0.420 0.370 0.077 0.231 0.040 0.252 0.040 
185 1.658 1.917 3.569 0.403 1.515 0.279 0.049 0.042 0.240 0.257 0.056 0.177 0.029 0.198 0.031 
225 1.625 2.114 3.985 0.437 1.574 0.301 0.050 0.045 0.266 0.271 0.058 0.170 0.028 0.177 0.029 
230 2.750 4.468 8.681 1.015 3.762 0.715 0.125 0.093 0.582 0.546 0.109 0.303 0.047 0.303 0.047 
250 3.558 3.016 5.513 0.591 2.098 0.413 0.072 0.085 0.426 0.572 0.122 0.380 0.065 0.451 0.070 
280 5.419 5.810 11.176 1.218 4.332 0.802 0.144 0.127 0.694 0.836 0.188 0.585 0.095 0.605 0.092 
BM5 
20 1.772 1.452 2.908 0.324 1.208 0.230 0.036 0.037 0.195 0.263 0.060 0.195 0.034 0.234 0.039 
40 1.776 1.461 2.923 0.325 1.202 0.231 0.035 0.037 0.198 0.262 0.059 0.196 0.034 0.239 0.038 
100 1.158 1.031 2.001 0.215 0.785 0.153 0.023 0.026 0.139 0.174 0.039 0.121 0.020 0.137 0.021 
200 1.414 1.034 2.082 0.230 0.826 0.151 0.023 0.030 0.151 0.206 0.047 0.148 0.025 0.162 0.026 
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Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
BM5 220 1.824 1.841 3.847 0.442 1.644 0.288 0.047 0.042 0.226 0.300 0.070 0.227 0.039 0.278 0.044 
BM6 
75 4.196 0.646 1.305 0.146 0.555 0.138 0.032 0.068 0.230 0.569 0.142 0.469 0.084 0.572 0.092 
135 0.885 1.101 2.010 0.216 0.768 0.138 0.021 0.023 0.134 0.142 0.031 0.093 0.015 0.103 0.017 
BM7 
100 1.706 0.461 0.949 0.108 0.423 0.112 0.024 0.033 0.148 0.242 0.058 0.201 0.039 0.280 0.047 
135 4.064 4.690 10.165 1.190 4.498 0.852 0.058 0.107 0.710 0.636 0.138 0.440 0.079 0.548 0.092 
145 2.003 1.450 2.890 0.324 1.204 0.240 0.031 0.045 0.245 0.309 0.072 0.232 0.041 0.289 0.047 
BM8  60 1.373 1.512 2.657 0.289 1.053 0.197 0.031 0.032 0.171 0.210 0.049 0.155 0.026 0.180 0.030 
Br1 
15 2.940 4.600 9.760 1.066 3.736 0.664 0.155 0.088 0.533 0.545 0.117 0.345 0.056 0.394 0.062 
55 4.438 2.084 4.281 0.516 2.028 0.463 0.151 0.106 0.531 0.745 0.169 0.519 0.091 0.649 0.100 
100 2.755 12.569 22.033 2.115 6.834 0.970 0.244 0.094 0.653 0.517 0.104 0.277 0.041 0.274 0.038 
150 3.066 5.532 11.692 1.314 4.935 0.815 0.185 0.101 0.676 0.562 0.112 0.312 0.047 0.292 0.046 
Br2 
10 28.836 26.178 63.264 7.885 32.570 7.090 1.826 1.014 6.510 5.667 1.095 2.903 0.415 2.468 0.353 
28 18.331 17.840 38.409 4.713 19.396 4.354 1.130 0.604 3.828 3.502 0.710 2.031 0.313 2.024 0.311 
45 14.302 12.768 25.026 2.926 11.547 2.458 0.718 0.380 2.291 2.356 0.504 1.490 0.235 1.536 0.242 
100 12.546 10.102 20.958 2.526 10.150 2.199 0.664 0.342 2.050 2.097 0.441 1.291 0.202 1.299 0.203 
128 10.420 8.276 17.850 2.173 8.799 1.941 0.568 0.306 1.839 1.836 0.379 1.081 0.163 1.026 0.157 
140 16.502 15.394 36.290 4.450 18.216 4.016 1.060 0.561 3.590 3.210 0.635 1.745 0.263 1.641 0.242 
187 19.777 16.155 34.111 3.972 16.203 3.324 0.921 0.532 3.459 3.058 0.623 1.691 0.240 1.413 0.209 
Br3 
10 1.372 1.851 3.628 0.406 1.497 0.297 0.050 0.040 0.251 0.234 0.048 0.140 0.022 0.141 0.022 
50 1.376 1.733 3.274 0.352 1.249 0.224 0.042 0.033 0.189 0.214 0.047 0.144 0.024 0.161 0.025 
85 6.178 6.112 12.863 1.511 5.954 1.233 0.335 0.182 1.116 1.096 0.221 0.637 0.100 0.643 0.097 
100 1.551 1.659 3.280 0.373 1.415 0.286 0.065 0.041 0.249 0.258 0.054 0.161 0.026 0.174 0.027 
120 12.400 13.172 28.278 3.360 13.280 2.837 0.819 0.420 2.682 2.433 0.495 1.352 0.202 1.297 0.188 
160 6.730 7.759 16.977 2.005 7.879 1.646 0.456 0.233 1.523 1.356 0.276 0.755 0.114 0.743 0.106 
230 3.019 3.464 7.553 0.884 3.505 0.735 0.193 0.105 0.679 0.609 0.124 0.335 0.050 0.328 0.046 
310 2.113 3.642 6.688 0.704 2.476 0.456 0.106 0.065 0.411 0.392 0.083 0.239 0.038 0.252 0.037 
Br4 
50 1.958 3.702 7.430 0.811 2.873 0.447 0.076 0.053 0.334 0.318 0.067 0.200 0.032 0.216 0.034 
70 2.093 2.429 4.685 0.527 1.924 0.373 0.080 0.056 0.327 0.346 0.075 0.222 0.037 0.245 0.038 
125 1.753 4.964 7.914 0.730 2.312 0.377 0.069 0.048 0.296 0.290 0.062 0.184 0.031 0.198 0.032 
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Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
Br5 
70 2.149 2.712 5.574 0.623 2.315 0.492 0.098 0.069 0.410 0.383 0.080 0.230 0.037 0.240 0.040 
110 1.566 2.677 5.079 0.559 2.038 0.384 0.063 0.048 0.311 0.280 0.057 0.167 0.028 0.174 0.027 
135 1.792 2.241 4.474 0.495 1.827 0.350 0.049 0.046 0.280 0.291 0.062 0.186 0.032 0.210 0.033 
150 1.490 2.336 4.623 0.476 1.702 0.300 0.070 0.041 0.252 0.250 0.051 0.158 0.025 0.169 0.026 
Bb1  
15 16.826 18.009 41.552 3.774 13.016 2.343 0.608 0.426 2.207 2.947 0.669 2.039 0.328 2.212 0.326 
55 12.882 21.472 41.646 3.707 12.059 1.935 0.498 0.312 1.654 2.197 0.506 1.557 0.254 1.708 0.255 
Bb3 
15 21.097 22.217 76.088 10.559 45.935 11.804 2.920 1.451 9.892 7.608 1.348 3.348 0.467 2.977 0.406 
45 7.927 12.649 26.970 3.122 11.319 2.082 0.379 0.257 1.647 1.529 0.321 0.941 0.151 1.037 0.155 
80 11.867 13.193 28.861 3.523 13.565 2.963 0.722 0.414 2.513 2.494 0.516 1.478 0.233 1.568 0.230 
130 16.137 21.213 44.579 5.166 19.825 4.008 0.939 0.565 3.684 3.242 0.653 1.800 0.267 1.732 0.250 
200 14.826 19.537 42.459 4.966 18.925 3.815 0.857 0.517 3.364 2.972 0.600 1.666 0.250 1.627 0.238 
250 18.790 22.854 46.680 5.012 17.928 3.444 0.828 0.540 3.102 3.407 0.736 2.154 0.344 2.267 0.335 
Bb2 
20 11.642 17.586 46.084 5.208 19.689 3.617 0.855 0.464 3.168 2.578 0.511 1.374 0.201 1.306 0.188 
60 3.805 3.114 6.628 0.752 2.768 0.540 0.096 0.097 0.520 0.654 0.148 0.454 0.077 0.529 0.079 
106 9.121 11.990 26.798 2.993 11.286 2.149 0.502 0.282 1.717 1.753 0.376 1.116 0.177 1.182 0.174 
150 7.881 10.616 27.797 3.327 12.985 2.667 0.614 0.307 1.939 1.795 0.357 1.006 0.160 1.073 0.153 
200 7.110 10.023 21.709 2.269 8.296 1.377 0.310 0.196 1.200 1.240 0.270 0.794 0.127 0.846 0.125 
229 7.987 8.072 19.879 2.253 8.674 1.721 0.405 0.243 1.542 1.444 0.304 0.880 0.137 0.901 0.133 
260 13.721 12.071 26.949 3.009 11.169 2.208 0.412 0.317 1.856 2.173 0.509 1.570 0.255 1.693 0.253 
Bb4 
10 3.580 3.586 7.377 0.799 2.814 0.507 0.111 0.089 0.461 0.609 0.140 0.431 0.071 0.472 0.072 
25 4.968 5.115 10.511 1.145 4.024 0.702 0.141 0.117 0.614 0.831 0.190 0.595 0.099 0.664 0.101 
45 8.918 8.339 16.846 1.810 6.381 1.166 0.282 0.215 1.074 1.518 0.351 1.086 0.178 1.203 0.181 
Bb5 
20 3.112 4.025 7.975 0.899 3.289 0.617 0.062 0.089 0.540 0.565 0.120 0.348 0.055 0.363 0.053 
35 4.885 6.525 14.249 1.501 5.409 1.032 0.096 0.142 0.881 0.885 0.188 0.559 0.092 0.614 0.092 
80 6.454 4.918 12.636 1.019 3.633 0.763 0.172 0.161 0.780 1.120 0.252 0.764 0.125 0.847 0.124 
100 5.755 5.420 12.472 1.114 3.976 0.786 0.161 0.150 0.781 1.017 0.227 0.684 0.111 0.745 0.110 
Bb6 
20 8.488 9.734 25.169 3.120 12.339 2.753 0.654 0.355 2.253 2.038 0.395 1.081 0.163 1.072 0.153 
60 5.349 5.940 12.096 1.371 5.011 0.998 0.226 0.151 0.881 0.973 0.215 0.654 0.107 0.728 0.110 
90 11.193 31.223 45.639 4.719 14.141 2.334 0.558 0.304 1.771 1.990 0.452 1.401 0.236 1.613 0.241 
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Geochemical Data- Selected major and trace elements considered in the thesis (ppm) 
(*) data from ICP-MS, all other data from ICP-OES. 
 
Cores 
depths  
(cm) 
Al Fe K Mg Mn Na Sc* Sr Ti Zr* Ba* Hf* Tl* Th* U* 
MW1 
15 61726 50479 9127 6009 1812 10449 17.83 128.93 6616.03 136.61 369.19 3.59 0.63 10.32 5.33 
46 63345 20906 8862 3972 274 13587 14.65 186.15 7084.55 159.27 292.24 4.17 0.42 7.36 2.78 
102 53731 19246 8931 4054 346 11525 10.74 155.92 5774.24 103.40 284.21 2.82 0.41 5.33 1.83 
125 50989 27115 9698 3636 259 11387 10.68 145.14 4649.65 98.89 300.48 2.61 0.47 5.67 1.98 
146 40804 10921 9030 2780 222 11209 6.57 139.03 4235.07 86.34 269.56 2.22 0.32 2.09 0.90 
167 69727 30595 7667 3431 249 7988 15.83 101.36 7420.36 156.42 231.68 4.17 0.63 11.43 5.08 
200 92680 34550 6388 3952 222 4712 22.81 33.11 8059.47 168.41 175.22 4.57 1.09 14.07 5.24 
248 904045 42102 6677 4426 296 5583 22.57 27.85 7802.13 180.17 202.38 4.84 1.01 15.62 4.05 
MW2 
20 69279 54170 10187 5714 340 13570 15.28 148.56 7146.12 142.15 258.25 3.65 0.43 8.29 4.43 
60 58707 34816 10034 4358 248 12759 15.19 144.90 7344.87 173.75 277.07 4.48 0.45 9.03 2.34 
82 59324 60170 12954 3615 215 9705 19.95 132.66 6531.84 158.51 240.55 4.06 0.44 8.51 2.44 
150 79461 28373 8244 4618 195 11614 23.77 93.60 7814.85 193.19 233.20 4.85 0.65 10.64 10.79 
190 54204 42408 5071 4116 251 9863 14.41 61.68 6204.85 145.09 170.29 3.74 0.44 8.09 5.46 
210 58338 58984 1847 2753 208 7302 13.94 31.46 7428.15 128.43 129.91 3.44 0.34 9.17 2.97 
240 55896 36545 2060 2767 253 7103 15.26 33.19 7466.50 160.20 158.47 4.20 0.32 9.81 3.07 
MW3 
4 53154 23726 10327 4373 286 16713 10.41 173.51 4243.98 93.14 269.93 2.47 0.38 4.63 2.46 
16 51432 17198 9641 3658 235 14231 9.76 155.67 4021.03 86.27 239.17 2.29 0.37 4.65 2.32 
36 53280 18803 10303 4171 253 14134 10.62 162.18 4221.89 85.23 275.11 2.30 0.39 4.63 2.10 
56 53383 17816 9652 4100 232 14397 10.73 166.29 4319.08 97.51 278.05 2.59 0.37 5.19 2.20 
84 60425 21472 9592 5493 274 15499 14.18 159.93 5511.16 128.07 253.38 3.34 1.12 6.57 2.85 
103 47331 110993 8314 3404 216 12481 12.57 146.70 4562.47 87.27 260.00 2.27 0.33 2.68 1.12 
143 71282 32009 103123 6744 272 14807 16.16 141.33 5789.97 134.49 259.72 3.40 0.59 7.72 3.75 
193 46510 20594 10522 4416 311 14874 7.80 160.45 3804.09 58.13 284.89 1.58 0.38 3.79 1.76 
270 88120 54311 5280 6057 253 12113 22.69 50.05 8419.22 184.24 124.87 4.83 1.13 13.79 5.40 
MW4 
15 55040 44140 8437 4314 412 11091 12.92 132.86 5299.40 103.87 256.77 2.73 0.42 6.46 3.64 
50 44792 16994 7649 4022 258 12216 10.71 149.94 4199.16 94.12 255.90 2.56 0.37 5.18 1.42 
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Cores 
depths  
(cm) 
Al Fe K Mg Mn Na Sc* Sr Ti Zr* Ba* Hf* Tl* Th* U* 
MW4 
80 62069 27219 10168 5232 298 13435 12.44 174 5536 110.07 266.66 2.91 0.39 5.78 1.80 
160 50630 23224 8757 5603 294 13421 13.45 146 4124 90.66 265.31 2.48 0.53 6.02 2.56 
200 50275 18459 11897 3868 355 15248 6.42 167 2727 35.99 275.65 1.02 0.37 3.35 1.28 
240 63062 60028 3100 2843 353 6349 13.70 35 6026 120.27 86.51 3.12 0.51 8.42 2.65 
290 84768 38500 3874 4603 260 8347 19.50 42 8162 167.39 109.44 4.43 0.56 11.84 3.48 
330 76990 40634 4237 4903 260 9324 17.90 48 7138 149.24 119.16 3.93 0.50 10.16 2.42 
MW5 
10 67468 42830 6807 4817 252 6314 32.62 68 4763 100.74 188.14 2.58 0.62 7.97 40.92 
30 58598 123015 7582 4246 386 8611 12.60 103 5783 135.87 208.32 3.49 0.39 7.07 4.10 
40 71276 93091 8869 5123 281 9084 15.18 108 6822 154.87 247.97 3.99 0.49 8.37 3.25 
60 69555 41167 9924 5170 256 11257 16.48 137 7784 177.96 332.43 4.62 0.50 9.25 2.48 
81 64856 23052 8063 4036 232 11615 14.54 138 8423 176.03 266.47 4.55 0.43 8.69 3.18 
120 77908 24441 8218 4203 199 7860 18.84 99 8357 185.67 244.23 4.80 0.52 11.35 7.40 
132 76887 21548 7542 3801 171 5926 20.97 79 8564 190.78 218.23 4.98 0.54 12.08 8.42 
150 32235 12189 2598 1172 265 3640 8.72 28 10120 182.50 97.30 4.80 0.43 9.12 6.05 
170 42334 15344 2722 1469 240 3248 10.14 24 9600 177.16 94.86 4.71 0.52 9.03 4.27 
185 61160 28278 3677 2211 234 3338 12.85 44 9208 172.13 114.17 4.63 0.56 12.10 3.38 
220 69737 41256 3092 2482 248 3123 17.06 23 8678 168.89 91.80 4.52 0.66 14.69 4.25 
MW6 
10 57674 29509 10623 5938 431 9824 12.29 100 4743 97.82 298.11 2.70 0.51 8.97 3.30 
30 62103 39925 11544 5507 347 10024 12.07 101 4946 101.27 284.17 2.74 0.50 8.43 3.60 
50 84698 51551 12300 6259 290 10420 15.97 117 6603 141.99 261.70 3.82 0.54 8.89 3.97 
70 49615 23046 8383 3037 200 7801 8.35 103 2856 58.61 208.31 1.62 0.32 5.41 2.02 
90 48661 8528 12949 1834 237 12199 3.62 162 3655 43.13 345.40 1.26 0.29 2.62 1.03 
100 57020 12462 14015 2705 218 14885 5.56 193 2596 43.67 301.17 1.28 0.40 3.72 1.27 
120 55710 13672 11208 3400 328 11961 5.23 181 4402 82.00 309.59 2.34 0.30 3.93 2.11 
140 53469 17171 9869 4350 269 12094 9.70 144 4421 88.60 234.01 2.44 0.34 5.05 1.65 
180 62979 46543 10135 5756 359 13662 12.42 161 5841 119.24 270.88 3.25 0.37 7.39 2.23 
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Cores 
depths  
(cm) 
Al Fe K Mg Mn Na Sc* Sr Ti Zr* Ba* Hf* Tl* Th* U* 
MW6 
210 58118 67709 10757 4698 354 12458 10.33 153 4468 96.23 259.86 2.63 0.37 5.55 1.95 
261 50039 18155 9997 2889 297 9956 7.79 124 4509 75.61 212.73 2.11 0.34 6.43 2.19 
295 57943 23656 11446 6099 458 15206 10.31 169 6040 92.03 259.03 2.61 0.36 4.82 1.49 
330 68881 36615 10545 7366 362 13254 13.47 141 6079 131.37 259.82 3.51 0.42 7.44 2.43 
350 67198 39616 9020 7261 373 12205 10.00 145 7288 157.02 321.13 4.32 0.33 7.28 2.55 
380 40415 40518 6907 2310 306 6848 5.43 70 6198 128.73 157.20 3.45 0.42 1.75 2.30 
410 66293 38830 9241 7645 361 11521 14.42 128 6855 137.56 267.93 3.66 0.32 7.44 2.13 
430 67994 41836 10250 7361 377 13528 13.84 129 7110 148.23 255.22 3.90 0.42 6.47 2.13 
470 42012 40766 6995 1659 395 8133 4.79 83 6825 142.91 161.28 3.80 0.38 1.87 2.05 
MW7 
22 66146 49319 9998 4710 350 11931 14.49 149 6971 127.07 277.55 3.28 0.46 6.83 3.86 
40 51596 14120 9311 3129 252 12904 10.98 154 5475 107.67 278.50 2.85 0.39 6.37 2.26 
103 49286 18314 8406 3633 220 12365 12.43 160 4366 98.30 271.52 2.59 0.41 5.14 3.38 
110 77399 23511 9808 3887 232 13870 10.38 155 4114 72.51 258.64 1.94 0.55 4.30 2.81 
175 52950 28534 8741 6196 358 14072 12.06 153 4764 95.13 245.27 2.53 0.41 5.53 2.23 
210 57639 42861 9022 7367 392 16741 16.70 140 5299 120.62 282.13 3.11 0.55 8.06 3.89 
260 44257 37031 6903 4408 481 9876 11.53 112 6458 104.14 220.89 2.94 0.37 9.52 2.42 
275 41054 22915 7993 4890 329 12364 10.32 129 4029 67.71 243.12 1.86 0.39 5.23 2.56 
300 50064 33256 8234 7211 360 15539 14.86 143 4390 100.49 239.73 2.77 0.46 6.67 4.60 
365 50560 44426 10092 5700 371 11862 13.32 137 4291 69.27 232.25 1.91 0.51 7.51 3.91 
MW8 
20 56677 48540 9645 4198 1024 11526 11.05 146 5973 118.85 238.21 3.14 0.38 6.54 4.08 
40 72118 55647 10154 5600 371 12258 15.73 152 6560 137.96 227.81 3.69 0.38 7.21 5.25 
80 62156 21759 11974 5360 369 13671 12.19 162 5443 100.31 270.26 2.75 0.41 6.73 2.32 
100 54961 20113 10124 4417 374 11964 12.25 174 5849 81.43 284.13 2.29 0.26 4.93 1.93 
120 66840 26635 11212 5771 359 12600 13.62 154 6545 113.01 261.82 3.15 0.40 7.81 2.93 
140 48029 19742 10261 6936 620 12375 11.41 149 7086 80.12 256.69 2.34 0.32 4.56 1.49 
160 59910 28676 10253 6265 388 13366 12.46 160 5812 107.59 249.62 2.90 0.37 6.68 2.16 
172 54839 26148 10759 5202 353 13863 9.73 167 4666 82.63 258.28 2.31 0.34 4.26 1.60 
190 49543 29957 11625 3872 382 13406 7.25 158 4878 54.28 265.59 1.56 0.30 4.34 1.29 
               
398 
 
Cores 
depths  
(cm) 
Al Fe K Mg Mn Na Sc* Sr Ti Zr* Ba* Hf* Tl* Th* U* 
MW8 
220 51049 17603 11913 5753 552 15975 8.56 189 6033 55.58 282.78 1.69 0.30 5.35 1.13 
240 62757 37118 9034 6832 360 9869 12.78 89 4890 103.09 197.83 2.78 0.39 6.46 2.40 
260 60489 31390 10722 6916 384 12448 12.75 145 5341 86.89 295.99 2.44 0.31 7.00 2.20 
294 53159 29151 11072 5169 517 13040 8.99 148 5460 72.71 301.67 2.00 0.36 5.35 1.67 
325 68435 38224 5601 4044 202 9008 12.79 50 6417 132.43 343.62 3.61 0.43 5.16 3.23 
BG1 
15 71014 41541 7776 6092 223 8737 14.64 138 5811 108.41 168.28 2.78 0.40 6.28 8.93 
50 15502 12260 2307 1052 81 4630 3.58 55 1661 58.63 90.36 1.62 0.12 2.27 1.53 
75 16206 7687 2224 1103 46 4458 3.26 40 1530 42.94 89.17 1.16 0.15 3.03 1.69 
100 29515 16405 4052 2938 215 7847 4.95 95 3620 50.56 122.20 1.39 0.25 11.44 3.05 
135 13291 8540 1754 1223 80 5263 
 
49 2164 48.51 96.65 1.43 0.19 4.85 1.89 
140 13061 8543 2155 1393 79 4283 2.65 44 1514 35.18 93.47 0.96 0.17 1.82 2.08 
BG2 
25 69093 38994 8552 6523 185 11119 12.86 91 5404 93.82 131.48 2.44 0.31 6.66 8.26 
50 81576 28072 10531 6648 170 13771 18.24 100 6516 146.96 184.70 3.78 0.43 7.66 7.40 
97 31153 12592 4856 2426 170 9182 6.93 84 3914 67.83 147.70 1.83 0.42 14.58 3.20 
120 27961 16985 5189 2169 225 8331 5.18 81 3576 63.02 143.30 1.80 0.26 4.57 2.82 
145 16295 18369 2896 1141 172 4196 2.91 34 1896 40.03 94.83 1.15 0.16 4.52 2.30 
160 82033 59089 8678 8540 336 19743 17.52 87 6537 144.76 148.85 3.69 0.45 7.81 6.56 
BG3 
10 6929 3095 243 285 109 340 1.81 4 2473 42.82 22.64 1.13 0.04 2.65 0.60 
30 14335 15979 252 291 152 362 3.72 3 4132 72.79 35.75 1.99 0.07 4.42 1.07 
65 85015 30894 600 863 76 309 12.53 9 6028 136.27 40.15 3.57 0.16 12.78 2.44 
100 74382 26090 510 885 53 269 11.83 8 6366 140.51 35.15 3.70 0.13 9.11 1.98 
132 76115 41265 473 816 62 220 13.44 8 5352 134.81 32.15 3.60 0.11 9.74 1.88 
BG4 
10 62395 47002 7022 3618 628 10067 16.29 110 6878 130.92 245.47 3.39 0.33 8.24 7.15 
40 62043 21397 6683 3141 151 9440 12.31 101 6435 148.44 208.20 3.87 0.35 6.29 2.59 
70 62637 18016 7007 3255 132 9506 13.45 99 6485 145.43 252.63 3.79 0.37 9.77 2.54 
92 52739 16995 2780 2139 96 6670 10.17 36 4984 93.46 91.62 2.50 0.38 4.28 1.63 
110 52855 20318 3744 2319 119 7894 10.78 39 5192 97.87 114.34 2.62 0.35 5.56 1.51 
                
399 
 
Cores 
depths  
(cm) 
Al Fe K Mg Mn Na Sc* Sr Ti Zr* Ba* Hf* Tl* Th* U* 
BG5 
15 29099 19985 4503 2857 158 11567 6.50 105.2 3087.8 50.79 149.89 1.34 0.14 2.94 1.53 
35 59448 24237 7816 4995 177 14082 12.31 112.7 5309.7 107.37 170.29 2.77 0.31 5.39 3.99 
52 15691 4220 2439 1270 53 5877 3.57 42.9 1523.5 49.10 81.87 1.32 0.13 7.58 3.83 
100 27252 12679 3802 2248 132 8379 5.62 87.4 2646.3 60.47 116.42 1.66 0.23 3.25 1.35 
160 38174 17445 5087 3660 220 12670 8.84 123.1 3788.8 72.81 164.70 1.98 0.29 5.39 2.22 
200 12149 5245 2262 1290 60 5396 2.46 41.5 1042.2 26.11 76.77 0.70 0.14 1.31 0.88 
BG6 
30 4973 1100 359 176 15 250 1.02 12.6 1694.9 42.44 36.41 1.21 0.03 1.52 0.80 
90 14767 974 428 174 6 225 3.39 16.4 1860.9 102.39 35.55 2.94 0.05 14.61 1.42 
120 13181 1435 541 178 37 111 2.01 15.6 1308.1 68.99 39.78 1.97 0.05 6.58 0.86 
150 42210 15551 1115 403 108 271 4.54 21.8 1811.2 77.24 63.25 2.22 0.10 7.96 1.40 
BM1 
20 400 431 108 80 1 413 0.18 2.5 475.8 13.25 3.96 0.39 0.00 0.28 0.12 
100 430 1045 101 59 18 371 0.35 
 
1807.4 20.79 4.39 0.59 0.00 0.27 0.22 
190 646 5011 117 50 35 341 0.36 
 
1183.7 31.34 5.38 0.85 0.01 0.36 0.22 
BM2 
15 14671 12948 846 434 117 577 1.92 41.6 5347.5 83.50 38.13 2.44 0.04 4.10 0.84 
45 1217 4118 117 55 41 314 0.42 0.8 2523.6 32.95 
 
0.94 0.00 0.49 0.23 
65 952 2937 212 52 63 1312 
 
2.5 4252.5 141.43 9.17 3.75 0.00 0.68 0.57 
150 598 1834 149 38 56 
  
2.3 4100.3 184.84 7.33 5.19 
 
1.45 0.88 
BM3 
20 348 567 97 73 5 298 0.30 6.2 1053.7 30.54 3.71 0.80 0.00 0.25 0.17 
100 328 1882 92 13 6 379 0.16 
 
509.5 14.36 7.51 0.40 0.00 0.28 0.15 
188 401 352 98 9 
 
252 0.33 5.3 998.8 21.09 7.19 0.57 0.00 0.73 0.23 
217 1627 380 131 107 
 
394 0.69 8.4 1431.8 31.92 9.34 0.86 0.00 2.34 0.40 
255 2775 1064 121 138 12 49 3.04 39.5 8125.1 165.14 22.75 4.19 0.01 10.11 1.76 
BM4 
20 762 1186 130 124 9 388 0.34 4.9 1085.5 16.04 7.99 0.45 0.00 0.50 0.20 
80 333 2274 96 19 8 278 0.18 
 
502.1 12.69 5.20 0.37 0.00 0.43 0.16 
145 9752 4681 219 60 16 295 3.28 5.5 1781.7 46.51 13.07 1.25 0.02 5.42 1.30 
170 1398 656 214 19 10 
  
5.1 1005.5 22.98 12.01 0.66 0.00 2.58 0.36 
185 1218 323 146 15 
 
411 0.32 1.6 416.3 18.48 7.90 0.56 0.01 0.77 0.25 
225 941 329 201 55 5 
  
3.6 721.7 15.73 8.87 0.43 0.01 0.88 0.24 
 
400 
 
Cores 
depths  
(cm) 
Al Fe K Mg Mn Na Sc* Sr Ti Zr* Ba* Hf* Tl* Th* U* 
BM4 
230 5763 2656 232 43 14 337 1.29 2.5 952.0 37.27 12.03 1.04 0.02 3.13 0.57 
250 1967 563 215 4 9 14 
 
4.1 1063.3 47.74 10.58 1.34 0.00 1.49 0.49 
280 3393 886 250 15 17 2011 
 
8.7 1717.7 45.51 13.45 1.30 0.01 2.58 0.62 
BM5 
20 841 3361 101 154 54 195 0.72 3.4 3391.9 43.35 5.58 1.20 0.00 0.56 0.33 
40 740 2974 96 114 46 217 0.72 0.2 2994.8 43.54 5.54 1.19 0.00 0.57 0.34 
100 601 3769 100 44 18 241 0.25 
 
732.6 12.90 5.30 0.36 0.00 0.37 0.17 
200 477 3940 89 39 21 246 0.27 
 
969.0 15.69 5.08 0.45 0.00 0.35 0.17 
220 
      
0.80 
  
53.58 
 
1.62 0.00 0.71 0.35 
BM6 
75 357 374 147 64 13 128 0.56 1.3 1123.3 49.16 5.40 1.49 
 
0.44 0.38 
135 412 332 146 1 8 2040 0.23 1.5 540.8 12.41 5.11 0.37 
 
0.38 0.17 
BM7 
100 312 717 139 66 23 
 
0.55 1.3 2307.0 43.53 5.50 1.26 
 
0.47 0.29 
135 609 2103 139 98 67 1605 1.48 4.8 6885.3 149.04 9.28 4.32 
 
2.85 0.82 
145 505 1438 140 65 42 
  
2.5 4241.9 73.78 6.53 2.04 
 
0.83 0.41 
BM8  60 3010 1943 197 545 18 420 0.46 32.0 1304.2 24.50 12.05 0.66 0.01 1.25 0.24 
Br1 
15 4835 2726 574 362 34 1073 1.60 32.4 812.3 43.20 29.09 1.68 0.03 0.97 0.41 
55 4829 3221 568 233 39 1196 1.86 27.7 1039.1 60.37 23.54 1.83 0.03 0.76 0.45 
100 6382 2904 784 306 46 1646 1.59 56.3 619.6 13.04 36.58 0.39 0.03 0.67 0.21 
150 5225 3794 480 318 62 1545 
 
44.7 1121.7 18.28 40.21 0.52 0.04 2.49 0.28 
Br2 
10 60685 29736 4752 3585 166 8135 15.07 104.8 5074.3 97.28 188.58 2.49 0.36 5.95 9.96 
28 64966 66801 5634 3933 226 9124 16.10 113.3 6037.4 122.43 183.37 3.17 0.38 6.54 6.71 
45 66956 20244 7432 3594 227 16896 15.81 198.8 7033.6 131.07 244.28 3.40 0.33 5.72 2.55 
100 54353 22802 6846 3181 225 17038 10.35 199.6 5334.6 98.05 234.32 2.53 0.27 4.19 1.21 
128 34195 11243 3876 1976 161 9373 8.76 137.3 3825.1 67.28 142.25 1.78 0.21 2.96 2.45 
140 39469 22274 4614 2831 216 10780 10.21 156.3 4328.8 76.98 163.17 2.03 0.22 3.76 1.36 
187 34965 16711 4467 2532 174 9887 7.41 140.4 3237.3 60.48 152.37 1.60 0.20 4.79 1.23 
Br3 
10 2305 1053 473 318 235 805 0.37 29.6 363.5 8.43 27.24 0.23 0.04 0.53 0.17 
50 1661 2466 381 115 10 823 0.23 4.0 259.1 14.12 22.84 0.40 0.02 0.65 0.19 
85 19687 6927 3157 1858 79 6978 3.67 74.1 1744.4 37.92 105.40 1.02 0.14 1.86 0.63 
             
401 
 
Cores 
depths  
(cm) 
Al Fe K Mg Mn Na Sc* Sr Ti Zr* Ba* Hf* Tl* Th* U* 
Br3 
100 3189 1123 727 389 0 1877 0.49 7.7 359.7 12.98 30.02 0.37 0.05 0.53 0.20 
120 41668 24934 6796 5293 299 16092 8.93 167.8 4116.3 79.15 204.48 2.20 0.18 3.36 1.09 
160 20890 13752 3361 3223 222 8706 4.22 94.1 2024.9 40.86 108.43 1.13 0.11 2.20 1.29 
230 8113 4879 1433 1424 92 3998 1.50 42.4 829.7 18.35 41.62 0.51 0.06 1.00 0.50 
310 3649 1838 1037 879 18 3212 0.76 20.8 377.5 17.86 36.85 0.52 0.05 0.75 0.33 
Br4 
50 2019 443 382 54 7 848 0.41 7.6 400.2 16.51 28.82 0.48 0.02 0.62 0.21 
70 2296 400 406 35 3 863 0.47 7.1 406.6 23.06 28.58 0.66 0.03 0.72 0.24 
125 2076 349 424 46 3 675 0.38 8.0 415.2 18.88 32.28 0.52 0.03 0.90 0.25 
Br5 
70 4528 1071 576 168 10 823 0.94 12.0 753.0 23.99 36.94 0.72 0.06 0.86 0.43 
110 2509 459 465 45 5 595 0.48 8.2 421.9 14.39 34.07 0.43 0.03 0.97 0.22 
135 1757 314 358 18 4 341 0.36 5.9 298.5 16.87 30.53 0.51 0.02 0.75 0.23 
150 2655 650 450 76 8 557 0.56 14.0 375.1 17.83 36.53 0.51 0.03 0.57 0.21 
Bb1  
15 94678 39043 1781 1445 52 571 9.23 24.3 5924.0 182.20 58.74 5.06 0.16 12.05 2.75 
55 96120 9171 2729 1303 14 1032 7.93 27.6 4318.1 131.36 128.53 3.65 0.17 7.31 1.50 
Bb3 
15 26752 8327 2448 2431 45 9128 11.04 41.8 2497.5 59.75 59.41 1.63 0.08 3.57 26.84 
45 40762 15812 4046 2666 73 6937 8.31 60.0 4525.1 107.52 130.89 2.99 0.14 6.75 2.93 
80 53298 25005 5470 3875 146 10654 11.07 77.8 5794.0 124.21 158.88 3.44 0.53 6.97 4.75 
130 45376 29040 4882 4701 152 9915 9.29 70.0 5287.1 116.23 140.00 3.21 0.18 6.48 2.76 
200 51061 31465 5145 5274 150 9304 10.12 65.8 5293.6 117.75 123.60 3.22 0.18 6.78 2.90 
250 95160 32949 3580 3408 86 6308 15.83 49.2 7861.0 197.14 381.22 5.33 0.21 11.07 4.02 
Bb2 
20 40146 69311 2598 2423 134 2480 8.08 29.6 3879.7 85.53 76.83 2.31 0.13 5.05 7.58 
60 5471 1279 150 185 
 
859 1.33 4.3 2224.1 53.95 28.70 1.53 0.02 1.80 0.68 
106 46917 31146 547 892 36 1500 6.04 12.1 3256.2 97.00 38.41 2.72 0.04 6.58 3.47 
150 34033 122759 497 516 143 847 5.47 9.1 2770.0 72.58 31.10 2.11 0.04 5.17 2.86 
200 48048 7374 420 596 5 1186 11.25 6.3 2872.4 97.63 21.68 2.87 0.03 9.52 1.24 
229 23430 21747 289 408 22 968 7.48 6.1 3306.3 72.27 37.04 2.14 0.02 4.51 1.56 
260 101435 21060 470 924 28 1740 10.96 12.9 5314.3 128.63 34.25 3.60 0.03 10.67 1.75 
                
402 
 
Cores 
depths  
(cm) 
Al Fe K Mg Mn Na Sc* Sr Ti Zr* Ba* Hf* Tl* Th* U* 
Bb4 
10 9808 907 155 133 
 
259 1.48 15.7 2119 39.6 29 1.1 0.01 1.70 0.61 
25 15142 2076 177 157 2.05 351 1.73 22.7 2598 60.9 41 1.7 0.02 2.52 0.63 
45 41262 3664 370 453 3.74 307 4.17 37.8 4351 104.2 64 2.8 0.04 7.38 1.27 
Bb5 
20 4905 2445 194 165 2.71 545 0.95 6.1 1800 32.4 6 0.9 0.01 2.40 0.44 
35 6316 3489 150 83 5.7 292 1.98 0.8 4178 58.2 5 1.8 0.01 3.87 0.67 
80 22003 13472 203 197 17.1 159 4.35 2.4 4172 73.8 10 2.1 0.03 5.12 1.06 
100 22117 22463 208 191 27.1 200 5.29 2.1 4156 72.9 8 2.2 0.03 5.51 1.21 
Bb6 
20 29603 11210 2433 1973 38.2 4342 7.52 28.5 2603 66.3 73 1.7 0.11 4.12 11.15 
60 22702 4732 1802 1366 20.9 4675 5.28 25.2 2658 82.2 71 2.3 0.10 3.26 2.58 
90 67550 19373 1295 943 20.8 2117 7.51 27.2 3892 132.3 97 3.7 0.06 7.68 2.04 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
403 
 
Quality control - Rare Earth Elements (REY) (ppm) 
Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
Duplicates 
 
MW2-60cm 15.429 16.530 30.680 3.581 13.524 2.759 0.670 0.400 2.380 2.505 0.538 1.633 0.263 1.762 0.277 
MW2-60cm 15.421 15.551 28.792 3.376 12.767 2.642 0.667 0.397 2.319 2.486 0.536 1.619 0.265 1.750 0.278 
MW6-10cm 26.601 29.035 61.959 7.244 28.525 5.956 1.379 0.837 5.318 4.739 0.945 2.615 0.385 2.366 0.349 
MW6-10cm 27.221 29.984 63.011 7.396 28.526 5.963 1.343 0.857 5.386 4.862 0.986 2.725 0.414 2.565 0.391 
MW8-325cm 8.294 10.121 20.553 2.533 10.065 2.116 0.460 0.287 1.795 1.682 0.349 1.038 0.166 1.112 0.175 
MW8-325cm 9.843 10.382 21.438 3.051 10.903 2.485 0.558 0.305 1.973 1.967 0.428 1.180 0.204 1.133 0.208 
Bb4-25cm 5.007 4.956 10.226 1.086 3.892 0.687 0.142 0.111 0.558 0.747 0.169 0.539 0.089 0.578 0.092 
Bb4-25cm 5.434 5.250 10.594 1.136 4.052 0.709 0.139 0.118 0.606 0.828 0.187 0.595 0.099 0.661 0.104 
Br3-10cm 1.459 1.934 3.819 0.420 1.527 0.288 0.057 0.045 0.266 0.281 0.062 0.187 0.030 0.194 0.031 
Br3-10cm 1.372 1.851 3.628 0.406 1.497 0.297 0.050 0.040 0.251 0.234 0.048 0.140 0.022 0.141 0.022 
BM5-40cm 1.776 1.461 2.923 0.325 1.195 0.231 0.035 0.037 0.198 0.262 0.059 0.196 0.034 0.239 0.038 
BM5-40cm 1.754 1.505 3.054 0.343 1.246 0.228 0.032 0.039 0.211 0.263 0.060 0.192 0.033 0.225 0.036 
Certified 
Standard 
references 
W2-(1) 21.49 10.61 22.89 2.92 12.74 3.19 1.07 0.61 3.59 3.68 0.77 2.18 0.32 1.99 0.30 
W2-(2) 22.40 11.83 25.11 3.17 13.54 3.36 1.10 0.63 3.75 3.83 0.80 2.27 0.34 2.09 0.31 
W2-(3) 20.76 10.31 22.24 2.84 12.38 3.10 1.03 0.59 3.45 3.58 0.74 2.10 0.31 1.94 0.29 
W2-(4) 21.81 10.87 23.55 2.99 13.00 3.25 1.07 0.62 3.67 3.72 0.78 2.21 0.33 2.04 0.31 
AVG-2-(1) 19.76 38.38 68.79 8.02 30.09 5.45 1.50 0.63 4.42 3.35 0.66 1.78 0.25 1.60 0.25 
AVG-2-(2) 19.54 37.54 68.65 8.00 29.87 5.49 1.47 0.63 4.40 3.41 0.66 1.78 0.25 1.60 0.25 
AVG-2-(3) 20.34 38.98 71.13 8.20 30.62 5.61 1.53 0.64 4.51 3.45 0.67 1.82 0.26 1.64 0.25 
AVG-2-(4) 19.95 39.51 71.20 8.18 30.50 5.53 1.48 0.64 4.49 3.41 0.66 1.79 0.26 1.61 0.25 
JSO-2 499.52 6.51 12.68 1.69 7.28 1.72 0.49 0.31 1.88 1.85 0.39 1.13 0.17 1.07 0.17 
JSO-1-(1) 22.18 9.50 20.58 2.97 13.77 3.54 1.07 0.62 3.80 3.71 0.78 2.20 0.33 2.08 0.32 
JSO-1-(2) 21.35 9.23 20.22 2.78 13.67 3.33 1.00 0.60 3.54 3.67 0.75 2.21 0.34 1.92 0.31 
JSO-1-(3) 19.99 8.91 19.28 2.75 12.67 3.20 0.96 0.56 3.44 3.35 0.71 2.01 0.30 1.90 0.29 
               
 
 
 
 
 
 
 
 
 
 
           
404 
 
  
 
Cores 
depths  
(cm) 
Y La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Tm Yb Lu 
Blanks 
 
B1 9E-05 3E-05 9E-05 1E-05 6E-05 2E-05 -5E-06 2E-06 9E-06 7E-06 3E-06 9E-06 5E-07 8E-06 3E-06 
B2 7E-05 2E-05 4E-05 8E-06 2E-05 2E-06 -8E-06 6E-07 7E-06 -1E-06 1E-06 2E-06 -2E-07 7E-07 6E-07 
B3 1E-04 8E-05 2E-04 2E-05 -1E-05 2E-05 1E-05 3E-06 2E-05 2E-05 4E-06 9E-06 1E-06 1E-05 1E-06 
B4 8E-06 7E-06 1E-05 -5E-07 -1E-04 8E-07 3E-06 -1E-07 6E-08 -8E-07 2E-07 -3E-07 -1E-08 8E-07 2E-07 
B5 6E-06 1E-05 2E-05 1E-06 -1E-04 5E-07 4E-06 1E-07 2E-06 -7E-07 3E-07 9E-07 -8E-08 3E-07 -2E-07 
B6 2E-04 4E-04 7E-04 7E-05 4E-04 4E-05 9E-06 6E-06 3E-05 3E-05 7E-06 2E-05 4E-06 3E-05 4E-06 
B7 -2E-04 -2E-05 -3E-05 -6E-06 -3E-05 -9E-06 -2E-05 -3E-06 -1E-05 -2E-05 -6E-06 -2E-05 -5E-06 -4E-05 -8E-06 
B8 -2E-04 -3E-05 -5E-05 -7E-06 -4E-05 -1E-05 -2E-05 -3E-06 -1E-05 -2E-05 -6E-06 -3E-05 -6E-06 -4E-05 -9E-06 
B9 3E-06 2E-06 4E-06 -2E-07 2E-06 3E-06 -2E-05 -2E-08 4E-07 4E-07 8E-09 4E-08 9E-08 2E-08 1E-07 
B10 8E-06 5E-06 6E-06 4E-07 2E-06 1E-07 -2E-05 9E-09 3E-06 2E-06 3E-07 8E-07 3E-08 4E-07 1E-07 
B11 -1E-04 -8E-06 -3E-05 -2E-06 -2E-05 -3E-06 -6E-06 -1E-06 -8E-06 -9E-06 -3E-06 -1E-05 -3E-06 -2E-05 -3E-06 
B12 -1E-04 -1E-05 -3E-05 -3E-06 -2E-05 -5E-06 -7E-06 -2E-06 -8E-06 -8E-06 -3E-06 -1E-05 -3E-06 -2E-05 -4E-06 
B13 3E-05 4E-05 8E-05 8E-06 4E-05 3E-06 4E-07 6E-07 3E-06 1E-06 8E-07 2E-06 3E-07 5E-06 2E-06 
B14 4E-05 8E-05 2E-04 2E-05 7E-05 1E-05 1E-06 1E-06 2E-06 4E-06 9E-07 4E-05 -7E-09 3E-06 2E-06 
Detection 
limit 
DL1 9E-08 2E-07 3E-07 6E-08 2E-07 1E-07 3E-07 3E-08 8E-08 1E-07 2E-08 7E-08 2E-08 4E-08 2E-08 
DL2 2E-07 1E-07 3E-07 6E-08 4E-06 9E-08 2E-07 1E-08 9E-08 6E-08 2E-08 3E-08 1E-08 3E-08 2E-08 
DL3 1E-07 5E-08 1E-07 2E-08 2E-07 9E-08 4E-07 1E-08 5E-08 4E-08 1E-08 4E-08 9E-09 3E-08 7E-09 
DL4 7E-06 7E-07 1E-06 2E-07 1E-06 4E-07 6E-07 9E-08 5E-07 7E-07 2E-07 8E-07 2E-07 1E-06 2E-07 
DL5 2E-06 4E-07 1E-06 1E-07 5E-07 2E-07 2E-07 5E-08 2E-07 3E-07 8E-08 3E-07 7E-08 5E-07 1E-07 
DL6 2E-07 1E-07 2E-07 5E-08 2E-07 1E-07 3E-08 1E-08 1E-07 6E-08 2E-08 6E-08 1E-08 5E-08 3E-08 
               
               
               
                
